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Synthesis and Mechanical Properties of Metallic Multilayers 
ABSTRACT 
Compositionally modulated alloys and artificial superlattices are thin-layered structures where the layer 
thickness is on the order of a few 10s of lattice constants. These alloys have been shown to be 
unusually strong. Their overall thickness can be very large, in this study we have grown these to a 
thickness of 45 µm by 2.5 cm, in diameter, much greater than the average. We posit the reasons for 
this strength are that, during deformation, glissile dislocations are pinned at layer boundaries, the 
presence of image forces, and the formation of Lomer-Cottrell and Hirth dislocation locks. In this 
thesis we examine the fundamental reasons why layered alloys show such as high yield stress and 
compare our experimental data with our strength model using compositionally modulated copper-
nickel as an example. We combine experimental synthesis with the molecular dynamics modelling 
using LAMMPS to compare this data with first principle modelling. LAMMPS shows dislocations 
pinning at alternate boundaries, consistent with literature observations. The consequences of this work 
bears directly on the fields of electrical contacts, sliding wear, and even enhancement of bulk materials 
strength. We have found that Cu-Ni compositionally modulated alloys can exhibit a hardness of over 
500 Hv which corresponds to breaking stresses over 1.5 GPa. We have not observed a significant 
systematic modulus enhancement. We show that is it possible to produce these compositionally 
modulated alloys directly on copper coated silicon by electrodeposition through a mask to yield strong 
materials that can have consequences for new kinds of technological advances in integrated circuit 
processing that can be integrated into existing manufacturing methods. Because electrochemical 
deposition is widely used in the field of contacts, these results can have almost immediate practical 
application in this field. Electrodeposition is also an ambient temperature process, so interfaces can 
be made very compositionally sharp allowing components mounted on adjacent circuits to remain 
thermally undamaged. Using this process, it is possible to electrochemically place extremely strong 







Compositionally modulated alloys (CMAs) are 3-dimensional nanostructured materials 
comprised of thin layers of two or more elements or compounds sequentially grown onto each other. 
These can be metals, ceramics, or polymers 3][1, 2, 3]. The 1-D composition modulation is normal to 
a substrate surface and the modulation layer thickness 
is a few 10s or 100s of atomic layers. An example of 
Vanadium-Copper compositionally modulated alloy 
can be seen in Figure 1.1. The overall thickness of 
these coatings is indefinite so that these materials can 
be macro-materials but engineered at the atomic 
level. A similar material is a structure modulated 
material of homogenous composition whose atomic 
structure is modulated at the same atomic scale. The width of one of the repeating stacks of layers is 
called its modulation wavelength, . These layered structures often have vastly different properties 
than either of the individual components or their homogenous alloy. Compositionally modulated 
alloys can be made highly resistant to plastic deformation -the object of this thesis. For example, 
copper and nickel when compositionally modulated were shown to have ultimate tensile strength 
greater than 1.3 GPA [4]. This thesis will investigate the relationship between the enhancement of 
strength and other physical properties with the pinning of dislocations at and the type of interfaces 
between metal layers. The flow stress in and out of plane of these materials will be affected by the 
boundaries. In the direction normal to the modulation wavelength, the image forces are expected to 
dominate the flow stress. Within the plane however, the flow stress is dominated by dislocation 
pinning at layer boundaries. If the boundaries are coherent (epitaxial) then the dislocations can span 





multiple layers, and in the case of incoherent boundaries we think that the dislocations are pinned at 
or near each boundary. These can be seen in Figure 1.2 for both the coherent and incoherent cases. 
Additionally, because of the nanometer thick structures, the electronics and magnetic properties are 
affected both by quantum effects, the crystal orientation, and by the electron spin polarization. For 
example, in a magnetic field the electron spins in a magnetic layer are spin-polarized which in turn 
affects the macro-resistivity of the CMA alloy (the origin of giant magnetoresistance). We expect the 
conductivity normal to the layer will be also be affected by quantum effects. 
 These materials are being investigated for increased wear resistance [5, 6] particularly for 
electrical contacts. The unique nano-engineered layered structure could also provide interesting 
electrical properties due to the periodicity of the boundaries inside the structure. Additionally, if one 
of the materials used in the multilayer is ferromagnetic, its giant magnetoresistance may provide novel 
applications in memory storage, communication between isolated circuits, and magnetic sensors [7, 8, 
9]. Since the CMAs can be synthesized through electrochemical methods, the above properties can be 
applied to very novel geometries, such as micron scale pillars, wear resistant coatings, or even 
corrosion resistant coatings.  
Figure 1.2: Depiction of CMAs with dislocation in both coherent and incoherent 
cases. In the coherent (epitaxial) case the strains are distributed and both layers have 
the same lattice constant, in the incoherent case, the lattice constants revert to their 





1.1 Synthesis  
Electrochemistry 
Near ambient temperature 
electrodeposition of the materials onto a 
conductive substrate provides a method for 
creating these layers without much 
interdiffusion. This method turns out to be 
more precise that sputtering or other vapor 
deposition techniques [10]. This process is 
possible by using a single electrolyte 
containing two different dissociated metal 
salts. The more noble metal is made very 
dilute and is deposited at lower potentials 
(Figure 1.3A) as a pure metal, the less noble 
metal is an alloy with the first metal but can 
be made substantially pure if the 
concentration of the more noble metal is 
made dilute (>100/1 Molar) [11]. However, it 
can be expected that both elements will be 
deposited at the larger potentials along with a small amount of hydrogen which may have 
consequences for mechanical properties.  Since composition of the coating is also related to the 
concentration of the reactants, the more noble element must be at lower concentration [12]. In the 
example of the copper-nickel system, an electrolytic aqueous solution of copper sulfate and nickel 
sulfate/sulfamate can be used.  As a larger potential is applied to the cathode (Figure 1.3B), both 
(A) 
Figure 1.3: (A) Concentration gradient of -0.35V with 
respect to SHE system where copper is deposited. (B) 
Concentration gradient of -1V with respect to SHE 






copper and nickel will be deposited. A Pourbaix diagram [13] made by superimposing the copper and 
nickel Pourbaix diagrams, can be seen in Figure 1.4. From this composite diagram, shows the regions 
of thermodynamic equilibrium of the different species, showing that copper is the more noble. 
Experimentally there is a preferred pH range of between, 3.0 and 3.5, to electrodeposit these materials. 
The region below about pH 3 the complexing agents start to become protonated and above about 3.5 
there is a high probability of forming hydroxides that may block the surfaces; however, some of the 
current applied to the system will go to the evolution of atomic hydrogen, some remains in the nickel, 
and some recombines to make H2 gas. Above this pH range, the pH may rise to an area where an 
Ni(OH)2 oxide/hydroxide may form. Below this range, much more of the current goes into making 
hydrogen as the hydrogen concentration is related to -log of the pH value but the nickel concentration 
remains about constant with pH. To modulate the alloy’s composition, at the reduction potential is 
pulsed from the copper reduction potential to the nickel reduction potential then back again as 
suggested on the diagram. A voltage at or below ~0.1 V compared to a Standard Hydrogen Electrode 
(SHE) is applied to deposit a thin layer of copper. Nickel requires a voltage of less than -0.4V versus 
SHE to be electrodeposited. However, since copper will be also deposited, the electrolytic solution 
must have a low concentration of copper [13] so the ratio of the copper current to the nickel current 
is small. If there is an abundance of copper co-electrodepositing with nickel, roughness is likely to 
develop, roughness can also develop at extreme nickel currents due to concentration depletion or to 
anodic particles being incorporated into the cathodic deposit. The concentration difference for many 
other systems may vary somewhat depending on the transport and kinetics. There will usually be a 
region of overlap in the Pourbaix diagram where two metals will be deposited with each other. In this 
case we deposit copper, nickel, and some hydrogen. At the potential required to deposit each layer, 
the reduction charge can be measured and used to control through the charge passed, at the atomic level, 





extraordinary can be extended to produce large macrostructural elementals with periodic structures 
controlled on the atomic level. However, this process requires careful control over the current and 
potential waveform. For example, for a square centimeter substrate, a current of 20 mA will produce 
about 32 monolayers per second. As such, a sharp waveform can yield structures controllable on the 
atomic scale (assuming perfect two-dimensional nucleation. Co-deposition of hydrogen accounts for 
reduced nickel current efficiency. This current efficiency must be considered when nickel is deposited, 
which is normally at about 90% efficiency [14]. Additionally, the effect of the current distribution 
across the surface of the cathode accounts for varying thicknesses of the coating. Hydrogen inclusion 
in the nickel may also affect the elastic modulus of nickel. A [200] oriented nickel single crystal will 
have an elastic modulus of 131 GPa. At 2.44•10-4 hydrogen to nickel ratio, the elastic modulus 
decreases to 120 GPa. By a ratio of 4.06•10-4, the elastic modulus becomes 113 GPa [15].  
The two dotted lines shown in the Pourbaix diagram represent the stable region for water. 
Below the bottom dotted line, hydrogen is evolved, while above the top dotted line oxygen is evolved. 
Since the operating potentials and pH values are below the hydrogen reduction potential, about 10% 
of the current will go to producing hydrogen [16]. The addition of hydrogen in the system can interfere 
with the metallic layers depending on which elements are incorporated into the CMA as hydrides. 
However, copper does not form a stable hydride, and hydrogen absorption is low for nickel, so hydride 
formation will not be a problem for these materials [17, 18]. Some of this hydrogen will be 
incorporated within the nickel as the so call Nakahara voids [19] and some will evolve from the surface 





There are mainly two techniques used in electrodeposition: a galvanostatic method, with 
constant current, and a potentiostatic method with constant potential. Both the potential and or the 
current can be pulsed to allow diffusion to replenish the electrolyte next to the cathode during the 
“off” time. For multilayers, there is an additional option of using single electrolyte technique (SBT), 
with all electrolyte contained in the same, or a multi electrolyte technique (MBT) with each system 
containing a single electrolyte. There have been several successful reports of this technology used to 
produce compositionally modulated alloys. For example, Haseeb et. al. [21] produced copper nickel 
multilayers using a galvanostatic MBT, with an acidic copper electrolyte alternated with a nickel 
sulfamate electrolyte. Yahalom and Zadok [12] used a potentiostatic SBT with varying the amounts of 
copper and achieved modulation wavelengths down to 0.8 nm.  Tokarz et. al. [22] uses a potentiostatic 
Figure 1.4: A Pourbaix diagram for nickel and copper superimposed on each other. The quality of the 
deposited material is affected by pH with optimal values between pH 3 and 4.5 as suggested on the diagram. 
The vertical green line shows the needed potentials to form nickel, copper and hydrogen at a pH of 3.5 [13].  
Growth Window 





SBT with a 150:1 ratio of nickel to copper ions at a 3.5 pH where nickel is deposited at -1.3 V and 
copper at -0.5 V vs a saturated calomel electrode (SCE). Lashmore and Dariel [23] used a galvanostatic 
SBT with a 90 g/L nickel metal (as nickel sulfamate) and 0.9 g/L copper metal (as copper sulfate). 
Nickel was deposited at a current density of 12-20 mA/cm2 and copper at 0.3 mA/cm2. Oberle use a 
potentiostatic SBT with a 120:1 nickel to copper ratio at a 3.2 pH using a nickel sulfamate/ copper 
sulfate solution [14]. Bennet et. al. uses both a 
galvanostatic and potentiostatic SBT. Both use 
nickel sulfate (330 g/L), nickel chloride (45 g/L) 
and copper sulfate (150 ppm) electrolyte. Nickel 
was deposited galvanostaticly at 100mA/cm2, and 
copper at 1.5 mA/cm2. Bennett et. al.’s 
potentiostatic deposition had nickel deposited at -
1V and copper at -0.4V vs SCE [11]. Bennett. et. 
al. also presents a potential vs time curve for a 12 
nm bilayer wavelength, Co-Cu multilayer seen in 
Figure 1.5. Tench and White use potentiostatic 
processing with a rotating cathode. Solution 
concentrations were 80 g/L concentration for 
nickel and 0.64 g/L concentration for copper. The deposition potentials were -1.75 V and -0.2 V vs 
SCE for nickel and copper respectively [4].  
Figure 1.5: Galvanostatic and potentiostatic 





Electrodeposition through a mask. 
The process of electrodeposition is widely used in electronics packaging and enables the use 
of masks to create patterned alloys [24, 25] and is widely used to create contacts [26, 27]. An example 
of this can be seen in Figure 1.6 for a basic columnar nanowire. These patterned polymer masks are 
registered onto a surface before the electroplating process begins using a special purpose mask aligner. 
After the electrodeposition process is completed, 
the system can be submerged into a solution, such 
as aqueous potassium hydroxide, that dissolves the 
mask, leaving the patterned CMA behind. [24].  
Electrodeposition involves reducing 
metallic ions in solution. As they deposit on the 
substrate surface, local concentration gradient or a 
diffusion layer is formed in the solution. The 
current is necessarily related to the gradient of this 
concentration. When dealing with open cathodes 
this concentration can be affected by agitation of 
the liquid (sonication, stirring). However, when electrodepositing through masks, the above methods 
forced agitation is not effective and diffusion and migration dominates ion transport [28].  Therefore, 
it is important to give sufficient time for the metallic ions to diffuse and migrate into the crevices in 
the mask to maintain uniform deposition. If this is not done, then the local current will depend on 
concentration and produce uneven coatings. One way to overcome this is to have a three-step 
potential wave function, one potential for the more noble element (copper), one to deposit less noble 
element (nickel), and one where there is no deposition to restore the concentration in the crevices of 
the mask by allowing diffusion to replenish the electrolyte boundary near the cathode. An example of 
Figure 1.6: Electrodeposition of nanowires 
through masks. (a) Cross section of mask, (b) 
masks deposited on substrate, (c) CMA plated 





a potential wave function that would be used to electrodeposit a copper and nickel CMA can be seen 
in Figure 1.7. A brief, -1 V pulse to deposit nickel (and trace amount of copper) is followed by a longer 
pulse at a lower (-0.35 V) potential to deposit only copper. To counter the depletion of the metal ions 
seen in Figure 1.3, an optional third pulse is used to restore the concentrations of the electrolytes [29, 
30]. 
Electrodeposition through masks can potentially cause a deficit of material in the edges and 
corners of the mask crevices. It also can cause void formation in the center of the pillars, as the 
materials will tend to deposit on the edges preferentially [31]. Current tends to concentrate at the 
edges of a flat plate cathode, while the current will be negligible inside of a crevice. This current 
reduces the metal ion, causing the buildup [32]. This can be mitigated by decreasing the fraction of 
the surface that is under the mask and increasing the agitation of the electrolyte. However, for smaller 
features, reducing the edge buildup can be done by decreasing applied voltage to the system. 
However, this will slow down the electrodeposition process [31].  
Figure 1.7: An Example potential waveform to electrodeposit copper and nickel from a 
single electrolytic solution. The off potential is there to alloy diffusion to replenish the 
boundary layer near the cathode. Because copper is very irreversible, it may not be 





 Another method for producing CMAs is through mechanical folding, joining layers together 
following by rolling to reduce thickness [33]. This method can be repeated to produce near atomic 
layer thicknesses. An example is the process to produce Japanese or Damascus sword steels [14]. 
Though in fact, the processes to make each of these steels is subtler using structural modulation in 
the case of Damascus steel and uniform microstructures in the case of Japanese Fe/C steels. This 
process can produce large quantities of the CMAs at a much higher rate than the electrodeposition 
method. However, they must have the ability to control the layer thickness or even reach composition 
modulations on the near atomic scale. Texas Instruments has invested heavily through this roll-
bonding technique such as copper-niobium CMAs [34]. Roll-bonded CMAs have also been used to 
produce hard or expensive to synthesize alloys. The best example is with nickel aluminide and 
titanium aluminide, which after going through the roll-bonding procedure, can be gently annealed to 
form their respective alloys [35, 36].  
1.2 Other methods 
Three other commonly used methods to fabricate CMA are magnetron sputtering [37, 38], 
chemical vapor deposition (CVD) [39, 40], and laser ablation [41, 42]. Sputtering will provide accurate 
control without much contamination but with some diffusion due to the normally heated substrates.  
There is a slow rate of deposition and high stress in the sputtered deposits. Additionally, nucleation 
and growth of continuous smooth layers is a problem with sputtering. Laser ablation will provide 
similar control over the individual layers, however this process is also very slow and has an elevated 
risk of contamination between layers from particulates. While the previous two methods are done 
under vacuum with pure materials, the CVD system will require a carrier and reducing gases and 
metal precursors, such as acetylacetonates, hexafluroacetylacetonates or carbonyls [39, 40]. These 





temperatures where diffusion is an issue for some multilayer compositions, especially fast diffusion 
couples like the nickel-tin system.  
1.3 Nickel-Copper Multilayer Physical Properties 
 While copper and nickel are independently weak metals, layering them can greatly increase 
their physical properties.  When the periodicity of the multilayer is sufficiently small, the physical 
properties, such as wear resistance, tensile strength, and hardness, can be greatly enhanced. One of 
the earlier studies by Tench and White has reported that nanoscale layer size, copper-nickel CMAs 
have been reported to have strengths of up to 3 times that of nickel [43]. Tensile strength values of 
over 1.3 GPa were measured for an 88% nickel, 12% copper CMA. In comparison to a bulk material, 
UTS of below 0.600 GPa. Similarly, these materials have exhibited great wear resistance in comparison 
to their constituent materials [44]. As an example, for an 18 N load, copper and nickel have a wear 
rate of approximately 25•10-4 and 9.5•10-4 mm3/m respectively. While 100, 10 and 3.8 nm wavelength 
multilayers have an approximate wear rate of 7•10-4, 6•10-4 and 1.5•10-4 mm3/m respectively. At a load 
of 36 N, the wear rate of the 3.8 nm is 8•10-4 mm3/m, approximately equal to that of monolithic nickel 
at a load of 18 N [5]. Hardness has a similar increase in as the multilayer spacing increases, with a 
hardness at ~525 HK value, corresponding to a tensile strength of 1.52 GPa.   
1.4 Research Direction 
Compositionally Modulated Alloys (CMAs) have garnered interest of the scientific and 
engineering community due to their relative ease of synthesis and their increase in physical properties. 
They are widely used as spin valve materials in the magnetics recording industry [45, 46, 47]). CMAs 
are currently being produced for wear and corrosion resistance applications [48, 49]. Additionally, 
CMAs can be used as a precursor for producing other uniform alloys such as nickel aluminide by 





research is sponsored by a large, commercial electronics packaging company, who’s interest is in 
creating CMA pillars on silicon by electrodeposition. Other applications include coating for wear such 
as in electrical contacts, ballistic systems, augmented reality devices, as well as electrical probes that 
may undergo significant wear.  
This study helps develop our understanding of the dependence of the strength on the type of 
interfaces between layers as well as on the modulation wavelength and other factors which affect 
strength in systems with sharp interfaces. This will be concurrently work on electrodeposition of these 
materials to large fractions of a millimeter to see how these properties extend to bulk materials. This 
approach enables the creation of sharp interfaces in materials which tend to interdiffuse if elevated 
much above 400°C. Additionally, the limits of the ultimate flow stress of the CMAs will be examined 
to determine the relationship between the nature of the interface and the flow stress, strain and 
modulus. It is not expected that the modulus will be much affected. These mechanical properties and 
characterization processes will be developed concurrently while developing a method to electrodeposit 
CMAs through a mask onto a copper coated silicon substrate. The following methods will be used 
characterize these samples: x-ray diffraction (XRD), transmission electron microscopy (TEM), tensile 





2.0 Theory and Previous Works 
2.1 Koehler’s Hypothesis 
Despite the drive of mankind to create strong materials the approach has been somewhat 
chaotic. An exception is the approach by Koehler [51]. He posited that in order to create really strong 
metals it was important to inhibit dislocation formation even at very high stress levels and postulated 
that to construct an ultimately strong material, that we consider a multilayered alloy of very different 
elastic moduli arranged so that plastic deformation was very strongly inhibited. He posited that if we 
create a multilayered system where the layer modulation was on the atomic scale then it might be 
possible to create such a material. This approach can also be applied to ceramics for increase in 
strengths or to obtain novel electronic properties [52, 53, 54]. Other approaches to creating a strong 
material have mostly dealt with explaining observations of why materials were strong or exhibited the 
properties that they did [55, 56, 57, 58].  
Koehler’s criteria: 
  (1) Koehler postulated that if he chose materials so that their lattice parameters are 
sufficiently close to each other, then when the metals, alloys, or ceramics are grown on each other, 
there should be minimal strain present that could disrupt the lattice match and epitaxial relationship 
would exist [52].  It is important to note, that these materials can have different crystal structures; 
however, there may be excess strains and other complications that can occur. In some cases, we can 
take advantage of pseudo-epitaxy. A well-known example is hcp cobalt growing on FCC copper in 
the FCC phase [59]. These conformal relationships are limited by the distributed strain energy in the 
crystal.  
(2) To minimize the distributed strain energy the thermal expansion parameters should be 





(3) The line energy (energy per length) of the dislocations and the elastic moduli of the 
materials should be as different as possible from each other. If the line energy is high in one material, 
and low in the other, the dislocations would prefer to be in the low line energy material. This is because 
the lower the line energy of a material, the less energy is required for dislocations to form. This will 
tend to constrain the dislocations in the low line energy material layers.  
(4) The thickness of the layers should be as small as possible, preferably below 10 nm in width 
to keep the distributed strain energy low. For the low line energy material, we want to make it so that 
the dislocations cannot easily be generated inside the material. Similarly, Koehler suggests the high 
line energy material to be roughly the same thickness as the low line energy material so as not to 
transfer any dislocations into the low line energy material.  
(5) The bonding energy of between the elements between the layers should be very high. The 
layers should prefer to be well bonded to each other to resist any forces that would otherwise separate 
the materials. This suggest that the material would likely be a metal/metal pair however ceramic 
multilayer films have been successfully made [54]. 
Koehler suggests four ideal systems: copper-nickel, tantalum-tungsten, iridium-platinum, and 
palladium-rhodium due to the similar properties of each metal in their systems [51]. The most studied 
system, that Koehler suggested, is the copper-nickel as the electrodeposition process can take place in 
water, unlike the tantalum-tungsten system which requires an organic or a eutectic salt solvent [60] or 
a vapor deposition process that can have nucleation and growth issues. Additionally, the elements are 
considerably less expensive than the iridium-platinum and palladium-rhodium systems though the 
latter systems and their derivative alloys may have application in the field of contacts. 
An increase in strength from even bilayer materials comes from image forces across interfaces 





attracts the dislocation close to an interface. Similarly, a dislocation near an interface with a larger 
modulus will feel a repulsive force [62]. This effect results in dislocations being pinned inside the lower 
elastic modulus material which is consistent with Koehler’s hypothesis seen in (c). Typically, the 
dislocations will move to the center of material layers with the low elastic constant; however, with low 
wavelength modulation, these dislocations will be very close together near the surface and maybe 
pinned or locked in place at the boundaries. This will hinder dislocation formation and movement in 
these layers, increasing the overall strength of the material [61, 62]. 
2.2 More Theories on Strength 
 There is also an alternative explanation centered around Koehler’s (a) and (b). In general, thin 
films will grow epitaxial to very large thickness accumulating strain energy. They maintain the epitaxy 
until they reach a critical layer thickness, where it becomes more energetically favorable to transform 
to an incoherent interface [63]. The critical thickness for a superlattice is between 4 to 5 times that of 
a single layer [64]. However, if they differ in their coefficients of thermal expansion, and their lattice 
constants are slightly offset, a temperature increase may add just enough strain energy to the coherent 
multilayers that they revert to the equilibrium lattice constants. This forms arrays of misfit dislocations 
to accommodate the distributed strain energy. These misfit dislocations may result in more 
dislocations pined to interfaces of the CMAs, increasing the strength of the material in the direction 
normal to the plane of modulation [65]. 
 Another theory for the increase in strength is proposed by Tsakalakos and Janowski [14, 66]. 
They suggest that the strength may come from the increased coherency strain in the crystal structures 
[14]. When a thin layer of a material is deposited onto a surface, the atoms will be arranged epitaxially. 
One constituent will be held under compression (copper) while the other will be held under tension 





nucleate and propagate a dislocation 
is affected [14]. However, when 
modulation wavelengths are 
approximately 40 nm and above for 
copper-nickel systems, there is no 
long-range coherency in the crystal 
structure (Figure 2.1) [65]. The 
interfaces of these layers have misfit 
dislocations that form and serve to 
relax the structure to is normal lattice 
contacts with the previously 
distributed strain energy made up for 
by the sum total of the misfit 
dislocations [63, 64]  These misfit 
dislocations may pin any glissile 
dislocations thereby, increasing the 
flow stress of the material. However, 
as the modulation wavelength of the 
materials becomes smaller, 20 nm or 
less, the materials become highly 
coherent (Figure 2.2). Because the 
individual layers are thin, the 
individual layers will not have the ability to return to their preferred crystal lattice parameters. The 
result is that there will be more uniform crystal structures, with long-range coherency [65]. The forced 
Figure 2.2: 20 nm uniformly modulated Cu-Ni superlattice with flat 
coherent interfaces [65]. 
Figure 2.1: 40 nm modulated Cu-Ni superlattice with incoherent 





coherency of these layers produces a stress field that limits the mobility of dislocations in the material, 
increasing the hardness [67] however dislocations are now less impeded by the incoherent interfaces 
and can travel through the boundary. It is important to note that the layers grown in Figure 2.1 and 
Figure 2.2 are along the (200) direction, where FCC layers can grow on cube orientations, lending to 
the increase in coherency of these structures [68]. Also note that these micrographs are of single 
crystals, the more normal polycrystalline case has complications intoduced by grain boundaries. 
 In the case of incoherent boundaries, Cammarata, and Sieradezki [69] argue that extreme 
surface stresses will significantly displace surface atoms from their lattice constant in the bulk material, 
eventually reaching a new equilibrium. They empirically calculated a compressive, biaxial strain, and 
an expansive strain perpendicular to the plane for BCC and FCC metals, in all layers of the CMAs. 
The compressive in-plane stresses are what creates the higher tensile strength. They argue that 
incoherent boundaries are required to induce large strain to in-turn induce the compression needed 
to increase the strength [69]. We find this incomprehensible. In a subsequent paper, they support this 
theory with simulations [70]. As an example, they cite that a 1% lattice contraction in copper will 
produce an increase in biaxial modulus of about 50%. Cammarata and Sieradezki admit that this model 
only works for very small modulation and may only be part of the strengthening effect as Tsakalakos 
and Janowski’s work is also supported by simulation and experimental results [66, 71]. This may be 
due to nickel undergoing a lattice dilatation, which would negate the effects caused by the copper 
being in contraction.  Additionally, they may exist a critical modulation wavelength that when reached, 
will maximize these two effects. However, they argue that as misfit dislocations are formed to release 





2.3 Copper-Nickel CMAs 
 The copper-nickel CMA system has been studied since the 1920s by first by William Blum 
[72], who reported the increase in tensile strength. A more recent study of the enhanced tensile 
strength of a copper nickel multilayer is described by Tench and White [43]. They produced several 
layered structures with an average composition of 88% nickel and 12% copper in alternating layers 
and compared the ultimate tensile strength (UTS) to the thickness of the copper layer (Figure 2.3). 
They found as they reduced the thickness of the copper layers below 0.4 µm, that the tensile of the 
samples rose tremendously while below this value, breaking stress is comparatively constant at ~600 
MPa. At a thickens of 0.01 µm, they observed a UTS of 1397 MPa. This is higher than the UTS of 
Monel 400 (Ni 66.5%, Cu 31.5%) between 480-590 MPa [4]. A second study by Tench and White 
showed that for a 90% nickel and 10% copper grown on a 2 µm copper substrate, with a repeatable 
UTS value of, 1009 ± 32 MPa and an elastic modulus of 145 ± 5 GPa was measured [43].  





Where E is the elastic tensile modulus of the material, and 𝜎𝑚𝑎𝑥 is the theoretical maximum strength 
[73]. Tench and White therefore report in their second study of a strength of 
𝐸
145
 for their values 
reported while the Monel 400 has 
𝐸
358
 assuming an elastic modulus of 179 GPa [74]. A similar 










where 𝜏𝑚𝑎𝑥  is the maximum shear strength and G is the shear modulus [75].  While only an 
approximation for some materials, the shear strength of a material is about 60% of the UTS. The shear 
strength of the material is therefore about 605 MPa for Tench and White’s CMA [76]. Assuming the 
shear modulus of the multilayer is 60.5 GPa, the average of nickel and copper, then these materials 
are reaching values of 
𝐺
100
. There is also some evidence on a miscibility gap that may occur in copper 
nickel systems and multilayers which may affect the strength of the material [77]. 
2.4 Other CMAs 
 Because of the ease in electroplating copper and nickel, they are often used in other CMAs 
with other elements. Zinc is one of the more common elements combined with both copper and 
nickel, due to the use of zinc for 
corrosion mitigation of steel [78, 79]. Tin 
is often proposed to be paired with nickel 
due to their difference in elastic 
constants and use of diffused tin/nickel 
alloys corrosion. However, these CMAs 
is considerably harder to make due to 
nickel being an interstitial fast diffuser in 
tin [80] and therefore has rarely be done 
[81]. This might be possible at low 
temperatures. Shetty et al. [81] reports 
that the tin/nickel CMAs made in a 
single electrolyte system using an 
ultrasonicating method have higher 
Figure 2.3: Ultimate tensile strength vs. copper layer 





corrosion resistance than Sn/Ni mixed alloys. The Seattle based company, Modumetal has been 
applying zinc-based CMAs for corrosion resistance [82] as well as applications for the discharge of 
static electricity and mitigation of spillages in fuel tanks [83]. Cobalt is often alloyed with copper as an 
alternative to nickel. When cobalt and copper are electrodeposited with 1.5 to 8.0 nm layers, the 
material grows epitaxially in an FCC structure. Copper is also less soluble in cobalt than in nickel, and 
therefore may allow for cleaner interfaces with less diffusion [84]. Both cobalt and nickel when paired 
with copper exhibit the giant magnetoresistance (GMR) effect, which is a change in the resistance of 
the material based of the alignment of the electron spins due to the magnetic layer magnetization by 
an external field [85, 86, 87].  
 Compositionally modulated alloys can also contain alloyed layers to further enhance the 
desired properties. One of the earlier studied alloys is the copper-nickel/cobalt alloys CMA made in a 
single electrolytic solution. It drew a lot of attention due to the presence of the giant magnetoresistance 
effect [88, 89]. While there does not seem to be any sources on the strength of these CMAs of this 
composition. Nickel cobalt alloys (0-10% cobalt) alloys are known to have higher hardness and 
strength than pure nickel [90]. However, cobalt and nickel only have slightly different elastic moduli 
(210 vs. 200 GPa) [91], which suggests that there will be little increase in their overall strength when 
used in CMAs. Any increase that would be seen, would likely be an increase in the dislocation line 
energy increase, due to extra stress caused by the alloying of the nickel with cobalt.  Similarly, Gupta 
and Podlaha [24] have synthesized a copper, nickel-tungsten alloy CMA from a single electrolytic 
electrolyte. These CMAs have been reported to have a greatly increased hardness, even at very low 
concentrations of tungsten [24]. With tungsten having an elastic modulus of 411 GPa [91], tungsten 
being incorporated into the CMA should have a notable increase its strength. Another more recent 
study from 2017 of zinc-nickel with phosphorus-nickel modulated alloys, also made from a single 





properties. The layers imaged are quite large (~1µm for the zinc-nickel layer) and nonuniform, where 
the layers wrap around each other in a shell-core structure [92]. 
2.5 Hardness Studies 
Measuring the hardness of the multilayer samples give an indirect approximation of their 




≈ 𝜎𝑦𝑠 (3) 
where Hv is Vickers (pyramid) hardness in N•mm
-1  and UTS is the ultimate tensile strength and 𝜎𝑦𝑠 
is the yield strength of the material both in MPa [93, 94]. If hardness is in MPa, the hardness is divided 
by 3 instead of 0.3. However, for thin films, it is 
preferable for Knoop hardness (Hk) testing to be 
conducted to minimize force needed to indent 
the sample [95]. Because the conversion between 
the values for Knoop and Vickers hardness 
testing vary only slightly with range, it can be said 
that the Hv and Hk are approximately equal [96]. 
This yields a fair approximation of: 
 𝐻𝑘 = 0.3 ∗ 𝑈𝑇𝑆 (4) 
One study done by Tokarz et al looks at the 
relationship between the Knoop Hardness (10gf) 
values and the layer thicknesses of CMAs, seen in 
Figure 2.4 [22].  Figure 2.4a is the hardness values 
per bilayer wavelength (period). Figure 2.4b has a 
Figure 2.4: Knoop Hardness (10gf) data for Ni-Cu CMA 
a) bilayer thickness, b) constant Cu layer thickness c) 





constant Cu layer thickness (5 nm) and varies the Ni layer thickness. Finally, Figure 2.4c keeps the 
constant the Ni layer thickness (5 nm) and varies the copper. These thin films are all 3µm thick. This 
study suggests the strength is maximum at around a bilayer thickness of 10 nm, with a UTS of 1.4GPa. 
Additionally, copper layer thickness seems important, because there is a trend of smaller layer 
thickness for yields a stronger multilayer. However, it is important to note much of the literature  
deposits  Cu at a potential of -0.5V vs SCE, which may cause a copper limiting current, creating some 
dendrite formation during deposition, weakening the multilayer [22].  
 Oberle and Cammarata also conduct Knoop hardness measurements of 10µm copper/nickel 
multilayers with 5gf (Figure 2.5). Their numbers correspond well with Tokarz et al, with a peak Knoop 
hardness at slightly above 10 nm 
wavelengths. However, they have a 
peak hardness of about 600HK, about 
100 HK above that of those seen in 
Tokarz et al. Additionally, Oberle and 
Cammarata report that the hardness 
value for these multilayers reverts to an 
interdiffused alloy after a heat treating 
(in vacuum) at 400°C for 200 hours 
[97].  
 The hardness data show by the above studies show three distinct regions of hardness. A peak 
at a particular modulation wavelength, with a softening zone at very small wavelengths and a region 
of relatively stable hardness at larger modulation wavelengths. All three regions can be described in 
terms of dislocations. At the peak, the dislocations are easily pinned in the copper layer, and if the 
Figure 2.5: Knoop Hardness (5gf) of Ni-Cu CMAs with equal 





dislocations form in the nickel, they can easily move into the copper layers. When the wavelength is 
longer, the dislocations are unable to easily make it to the copper layer where they can be pinned. At 
smaller wavelengths, the dislocations can easily bridge the interfaces, effectively negating the 
multilayer’s strength and acting more like a bulk material.  
2.6 Dislocation Movement, Deformation 
Dislocation movement normally takes place on the most densely packed planes. For FCC 
metals, these are the four {111} slip planes. The directions of closest approach are the <110> 
directions, which there are three of in the {111} planes [98]. Thus, there are 12 slip systems on which 
the deformation will primarily occur. Deformation is possible when the slip planes can slide across 
one another. However, it is estimated that the shear stress required to break the bonds would be over 
10 GPa.  In order to deform a crystal lattice at much lower stresses, dislocations must be present. 
These dislocations can move across the slip systems at much lower stresses [99]. Therefore, we can 
make three observations: (1) dislocation free crystals will be able to withstand high stresses without 
plastically deforming, (2) if dislocations are unable to move, then the material will become stronger, 
and (3) that grain boundaries must play a role in the strengthening of a material because they inhibit 
dislocation movement.   
Dislocation Locks 
 The first kind of lock described here is the Lomer-Cottrell lock. Under certain conditions (Franks 
Rule), a glissile dislocation on a <111> plane can split into partial dislocations. When two partial 
dislocations meet at the intersection of two slip planes, they leave behind one dislocation with an out 
of plane Burgers vectors and thereby not only transform from a glissile dislocation into a sessile 
dislocation but also act as a dislocation impediment thereby causing a dislocation pile up. This process 





<110> direction - not in the slip plane. This situation is known as a Lomer-Cottrell or ‘stair-rod’ 
dislocation. The stair-rod dislocation is flanked by two stacking faults on the two {111} planes, making 
the dislocation completely sessile, with two 
trailing Shockley dislocations close behind the 
stacking faults. This configuration blocks 
dislocation movement through those planes, 
hardening the material [100, 101]. The structure0 
of a Lomer-Cottrell lock can be seen in Figure 
2.6. The Lomer-Cottrell lock has a strength of 
0.0113 µ where µ in this case is the shear modulus 
[102].  The partial dislocations in the lock can 
interact with other Shockley dislocations in other 
intersecting {111} planes forming their own 
stair-rod dislocation, and lock. This effect can 
occur multiple times, as each new Shockley can 
form another stair-rod. 
  Lomer-Cottrell locks can form into what is referred to as a stacking fault tetrahedron. These 
form from another type of dislocation called a Frank dislocation. Frank dislocations are a type of edge 
dislocation that exists where a stacking fault meets a normal lattice [103]. Because of their Burgers 
vectors being in the <111> directions, Frank dislocations are relatively immobile [102].  Under certain 
conditions, such as when there is a triangular stacking fault, a Frank Partial dislocation can dissociate 
into a lower energy Lomer-Cottrell dislocation with a single partial dislocation. These partials can meet 
others around the stacking fault, forming new stair rods. Ultimately, the stacking faults made by these 





locks make a tetrahedron. This stacking fault tetrahedron is able to block movement in each of the 
slip-planes in that area of the crystal lattice that it occupies [100].  
 The second kind of lock is referred to as a Hirth lock. When two perfect dislocations with 
perpendicular Burgers vectors meet, they react to for a (Hirth) dislocation on one of the <100> planes 
that is pinned by two stacking faults with two Shockley partial dislocations, thus forming the lock. The 
resultant lock has a higher strength of 0.0033 µ [102].  These locks can also form from Lomer-Cottrell 
locks at when the Lomer-Cottrell lock merges with a screw dislocation. This has been seen in copper 
at stresses around 0.003µ [104]. 
2.7 Nanocrystalline Behavior and Structure Modulation 
The strength of a material and the mechanism for deformation The Hall-Petch relationship 
relates the yield stress to the grain size of material by the following equation 




where σy is the yield stress, σi is the initial stress required for dislocation movement, d is the average 
grain diameter, and k is a constant. For copper and nickel, k is 230 and 110 MPa•m1/2 respectively 
[105]. For copper and nickel the strength of the material versus the grain size as can be seen in Figure 
2.7. While Nickel tends to follow the equation above, copper has deviations at small grain sizes, where 
strengthening either ceases, or seems to reverse. However, deviations from the Hall-Petch relationship 
occur when materials have grain size in one or more directions less than 1-100 nm [106, 105]. The 
beginning of this deviation may also be up to 1,000 nm for some materials [107].  Due to the large 
potentials that may be used to electrodeposit nickel in combination with the layer spacings, the grain 





There are multiple different theories on mechanism for the strengthening of a material as the 
grain size decreases. For the Hall-Petch relationship the increase in the strength is a result of the 
dislocation pile-ups at grain boundaries [67]. Grain boundaries represent barriers to dislocation 
movement, therefore in smaller grains, fewer dislocations can pile up in a grain. Since the stress to 
force these dislocations though the boundary is related to the square root of the grain size then the 
Hall Petch Relation follows. One expansion on this theory is that the external stresses will activate 
Frank-Read (dislocation) sources in adjacent grains. The dislocations that form begin to pile up quickly 
in the smaller grains, causing an increase in the strength as the dislocations are unable to move. The 
dislocations also affect the Frank-Read source through a back stress that increases as the number of 
dislocations increase. While this ultimately stops the Frank-Read source from generating any more 
dislocations, because dislocation loops will be unable to expand. [105, 110].  
Dislocation pile-ups occur when similar dislocations are unable to glide because they are 
blocked by some kind of obstacle, such as a grain boundary or a lock. As the first dislocation becomes 
blocked, the following dislocations become blocked and cause a pile up [111]. This results in an 
effective shear stress at the head of the dislocation pile-up,  
Figure 2.7: Strength of Cu and Ni in comparison to the Hall-Petch Equation. Filled in circles are direct tensile or 





𝜏𝑒 = 𝑛𝜏       (6) 
Where τe is the effective shear stress, n is the number of dislocations and τ is the resolved shear stress 
[110]. If there are many dislocations, then the shear stress can be very high. The dislocations in the 
pile-up are in equilibrium with each other under both the applied stress and the stresses due to each 
other. The number of edge dislocations in a pile-up on a length can therefore be calculated using the 
following equation:  
𝑛 = (1 − 𝜈) (
𝜏𝐿
𝑏𝐺
)                                                               (7) 
Where G is the now the shear modulus, b is the Burgers vector, and υ is Poisson’s ratio [111]. 
Combining equations 6 and 7 we find that the stress on the tip of the pile-up of length L is proportional 
to τ2. The applied stress at fracture is therefore related to (
𝐿𝑐
𝑏
)-1/2 where Lc is the maximum pile-up 
length.  For metals, Lc is on the order of the grain size (d) therefore the yield/fracture stress value 
varies as d-1/2 which agrees with the Hall-Petch equation. 
There are flaws in this theory: (1) there are cases where hardening effects could be seen without 
evidence of dislocation pile-ups [112], (2) that the constant k seemingly has dependence on the grain 
boundary structure and chemistry, and (3) that there is no direct evidence linking the pile-up length 
of dislocations to the strengthening effect [105].  Therefore, another model for the strengthening was 
developed that describes grain boundary emission of dislocations during yielding. This theory states 
that ledges on the grain boundary act as sources for dislocations.  As the surface to volume ratio is 
greater for smaller grains, the number of ledges, and therefore dislocation sources increase, thus 
creating the strengthening effect that is typically seen [105]. This model is consistent with the 
dislocation pile-up model in that the stresses required to cause deformation, failure and activation of 





like the dislocation pile-up model, this model does not have any direct evidence linking the density of 
the grain boundary ledges to the dislocation density [105].  
Ashby proposes a third model for the strengthening as grain-sized decreases, called the 
Geometrically Necessary Dislocation Theory (GND) or Plastic Anisotropy Theory. GND theory is 
based on that for two-phase alloys, that polycrystals work-harden much faster than single crystals as 
different materials and different grain orientations have their own distinct physical properties [113]. 
Ashby states “One component (often dispersed as small particles) deforms less than the other, or not 
at all, so that gradients of deformation form with a wavelength equal to the spacing between the phases 
or particles. Such alloys are ‘plastically non-homogeneous’, because gradients of plastic deformation 
are imposed by the microstructure” [114]. Ashby asserts that materials undergo two stages during 
deformation. The first step is uniform deformation among all grains on their glide planes. Dislocations 
randomly form during this step over the crystal structure. Slip compatibility is not maintained during 
this step, and as such, void and grain overlaps occur along with large stress gradients. The second step 
involves removal of voids and the grain overlap and provide accommodation for slip compatibility 
and large stress gradient [105]. To allow for these, dislocation arrays begin to form that allow 
compatible slip between the two systems [114].  The density of GNDs is inversely related the grain 
size of the material, thus smaller grains (and in our case layers as well) yield stronger materials as the 
material has more grains in which to accommodate deformation [105].   
While the above theories do produce results consistent with observable results, discrepancies 
were noted with materials such as copper and aluminum. Thompson et. al., while relying on Ashby’s 
GND theory, proposes an addition to better define theses discrepancies. The observation that 
dislocations in a crystal act differently depending on if they are near a grain boundary or in the interior 





the boundaries [115]. As such, each grain can be considered a composite of grain boundary and interior 
regions. The macroscopic flow stress is therefore an area average over these two regions. With smaller 
grains, the area fraction of grain boundaries increases, limiting dislocation flow and increasing the 
strength of the material [105]. There is also a modified version of this theory proposed by Meyersm 
and Ashworth [116] that describes individual grains as composites only during yielding and otherwise 
follows Ashby’s model.  
 Deviation from Hall-Petch, and the other related theories, are seen at very small grain sizes. 
Many plastic deformation experiments on nanocrystalline metals (including nickel [117, 118] and 
copper [119, 120]) have shown that while dislocation activity has been seen in very small grain sizes, 
that behavior of the dislocations change in comparison to the traditional large-grained material. In one 
study, tensile testing done in a TEM has shown little evidence of grain rotation or sliding but does not 
confirm that these effects do not occur. Twinning can also act as barrier to dislocation movement. 
Dislocation pile-ups are not seen for nanograins [120].  In another TEM analysis has also shown that 
copper is prone to having pile-ups at the center of the grain. Additionally, this study reports that 
nanograined copper (average 23 nm in grain size) has shown approximately 11 times higher tensile 
yield strength, with 14% elongation in comparison to an average of 2% for most nanograined materials 
[119].  A study on electrodeposited nanograined nickel found that nanograined nickel acts similarly to 
copper, where dislocation pile-ups are not seen. It is important to note that the electrodeposited grains 
are columnar [117].  A similar study on pulsed-laser and DC magnetron synthesized nanograined 
nickel found that there was little grain rotation [118]. These studies all suggest that there is ample 
dislocation activity in these nanograined structures, however, accumulations at boundaries is limited 
in comparison to their coarse-grained counterparts. Dislocations appear to be created at the boundary, 
transverse the interior and are annihilated at the other boundary or become trapped in the center of 





At sub ~10-20 nm grain sizes, there is evidence that the Hall-Petch relationship completely 
breaks down and begins to reverse, to a 1/d dependence [107]. The actual breakdown at small 
grainsizes seems to stem from mechanisms not listed above [105]. However, computer models have 
shown that there is an inflection point in the grain size where a maximum strength occurs. For copper, 
this strongest grain size is at 12.2 nm  [121], or between 10-15 nm [122].  Nickel has an inflection 
point between 11-22 nm [123, 124].  The existence of this inflection point is thought to be caused by 
a shifting in balance between two deformation mechanisms, the dislocation-based plasticity, where 
dislocations are still playing some role in hindering deformation at the center of the grains, and the 
increase in the effect grain boundary shearing as the area fraction of grain boundaries increases. As 
the grain size decreases, the volume fraction of the grain boundaries volume  increases greatly (making 
the material more amorphous) and the strength is more affected by grain boundary shearing as the 





Because of the yield strength is related to the grain size, there can be an effect caused by 
structure modulation. By varying the grain size, mechanical properties can be enhanced such as tensile 
strength, hardness, stiffness and wear 
resistance [126]. A sketch of a grain sizes 
modulated multilayer can be seen in Figure 2.8. 
One study by Shen et al looks at the layering of 
10 µm ultrafine grained (UFG) and 5µm 
nanograined (NG) nickel found that there is an 
increase in strength in comparison to a 
monolithic UFG material. While, the NG 
material was stronger, there is a 13% increase 
in the ductility of the metal in comparison to 
the monolithic NG material [127]. stress-strain 
curves of these materials can be seen in Figure 
2.9.  





 Zheng et al., who’s group is comprised of some of the same members as those involved with 
the nickel study above, conducted a similar study on the physical properties of modulated grain sized 
copper layers [128].  By layering (soft) 0.5µm ultrafine grain copper layers with (hard) 5µm nanograined 
copper. The UFG layer was produced at a current density of 1.5 A/dm2 while the NG material was 
synthesized at a current density of 10 A/dm2. Zheng et al. found that this material had UTS values of 
approximately 700 MPa and a ductility of 17.5%.  The stress-strain curves for this multilayered (ML) 
material in comparison to monolithic UFG and NG copper can be seen in Figure 2.10. To the best 
of our knowledge, there have been no reports or studies on nickel or copper that look at grain size 
modulated nanometer layer spacings. 
dasd 






 At the same time as the Hall-Petch theory was proposed in metals, an alternative relationship 
was proposed in the semiconductor field that is equally as applicative to metals. Matthews et. al [129] 
investigated the elastic misfit strain that could be supported by thin epitaxial layers that were grown 
on one another. Matthews proposes that there is that a critical thickness for a given misfit that follows 







)                                                    (8) 
Where hc is the critical thickness, 𝜀𝑜 is the given misfit, ν is Poisson’s ratio, b the Burgers vector, and 
θ and λ are the angles between the slip plane and Burgers vector to the growth plane [112, 129].  As 
this equation was confirmed, a size dependent relationship was proposed 





𝜀𝑒𝑙 = 𝜀𝑜 +⁡
𝑘ln(𝑑)
𝑑
                                                                   (9) 
Where 𝜀𝑒𝑙 is the maximum elastic strain, k is a constant that is on the order of unity and d (in the units 
of the Burgers vector or lattice parameter) is any dimension that would constrain the size of the 
dislocation source such as grain size, or in the context of this work, layer thickness [112].  
2.8 Diffusion Between Layers 
Since the strength on the multilayer is related to the quality of the discrete layers, 
interdiffusion between the individual layers may result in lower values for the strength. Using Fick’s 
first law, we can determine the for the initial diffusion rates of the different metals diffusion between 
layer boundaries, summarized in Table 2.1. However, as atoms from one layer diffuse into the other, 
it will slow the rate of diffusion. Because of this diffusion, the enhanced physical properties of the 
multilayers can be degraded if they are used at elevated temperatures.  
Table 2.1: Fick’s First Law of Diffusion for Copper and Nickel/Cobalt 





















































2.9 X-Ray Diffraction and Satellite Peaks 
Thin film XRD will be able to give us the layer thicknesses, lattice constants, and smoothness 
of the superlattice. By comparing the peaks of the x-ray spectrum to the known x-ray peaks of the 
bulk, the equilibrium lattice constant can be determined. Multilayers with atomically smooth interfaces 
show a phenomenon in x-ray diffraction referred to as satellite peaks that appear on either side of the 
main diffraction peak. The satellite peaks are a result of the reflection of x-rays caused by the periodic 
boundaries [130]. The locations of the peak can give the periodicity of bilayer based on the following 











2θn is the position of the peak in the XRD pattern. λ is the wavelength of the x-rays. n is the order of 
the satellite (±1, ±2, ±3…). Λ is the periodicity of the multilayer. <d> is the average spacing of the 
lattice plane. The result of this measurement can be confirmed by using a focused ion beam followed 
by use of TEM to view the samples.  
2.10 Copper Depletion and Surplus 
The nickel to copper ratio in the deposition solution is 100:1. Because of this, the copper can 
be depleted in region of the substrate over time, forming a gradient in the solution. As the copper 
depletes, the current for the copper deposition slowly begins to decrease, causing deposition times to 
increase. As the trend continues copper can reach the limiting current, where the copper will not 
deposit in a uniform layer, but rather as dendrites, disrupting the multilayer. To mitigate these issues, 
copper can be slowly added into the anolyte to restore the concentration. A stirring bar will also help 
by eliminating the gradient inside the cell, keeping the concentration of the copper inside the cell more 
uniform. However, copper is also a contaminate for nickel in the electroplating process. A surplus of 





2.11 Surfactant Depletion and Surplus 
Surfactant plays a critical role in the synthesis of Ni-Cu multilayers by reducing the surface 
tension so that hydrogen gas does not build up on the substrate, disrupting layer growth. However, 
during the higher potential nickel step, it is possible for the surfactant to become reduced around the 
working electrode. Over time, the hydrogen buildup on the surface of the substrate will disrupt the 
growth of the multilayer, leaving a distinct pitting pattern. 
Small amounts of the surfactant are reduced along with the nickel at the cathode. The carbon 
can be incorporated into the nickel. If there is a surplus of surfactant, the carbon contamination causes 
the electrodeposited nickel to become brittle. At a great surplus, surfactants can cause pitting as they 
begin to coat the deposition surface  [132]. 
2.12 Uniform Deposition 
When doing electrodeposition, there are two main effects that may cause a gradient in the 
thickness of the multilayer. The first is caused by edge effects. Any size or shape differences between 
the working and counter electrode will result in a nonuniform electric field. In the case of the anode 
being larger than the cathode, the electric field bends inward to reach the substrate and will be parallel 
to any insulator. In the absence of an insulator this bending of the electric field results in a current 
build-up on the edge of the sample. This effect can be mitigated by; (1) applying an insulating shield 
around the electrode and (2) increasing the distance between the anode and cathode. The insulating 
shield bends the electric field before reaching the surface, providing a more uniform electric field and 
current deposition. Similarly, by increasing the distance between the anode and the cathode, the 





2.13 Thick Film Deposition 
Nickel-copper multilayers have been demonstrated several times, however, at only a few 
microns in thickness. Serious synthesis challenges arise as these multilayers are grown to larger 
thicknesses. Copper and surfactant depletion both become a major issue as time goes on. Additionally, 
if there are any imperfections in the substrate, those imperfections become magnified as more layers 
are deposited. However, the cleanliness of the solution also becomes a major factor. As deposition 
occurs, the anode will sometimes dissolve around a particle which will then come off in the electrolyte. 
While an anode bag and a fritted glass disk filter will help stop these particles from the anolyte 
contaminating the catholyte, inevitably some will get through. If those particles were to deposit on the 
surface of the working electrode, disruption of the multilayers will occur, like that of a substrate 
imperfection. Evaporation will also affect the cleanliness of the solution, as boric acid will begin to 
precipitate out, and deposit on the sample itself.  
2.14 Nucleation and Effect of Deposition Potential 
When electrodepositing a metal, the metal layer will start to form as a nucleated site on the 
substrate. The nucleation site has a high amount of surface energy that can be minimized by more of 
the metal depositing onto the nucleation site, slowly building out the crystallographic grain. The 
potential seen in the Pourbaix diagram (Figure 1.4) is the equilibrium potential where nickel or copper 
becomes stable. As the potential becomes more negative, below the equilibrium potential, the extra 
energy into the nucleation of the layer.  This lowering of potential is referred to as an overpotential. 





of the grain sizes can be seen in Figure 2.11. As the overpotential increases, the number of nucleation 
sites begin to increase, however the grain sizes become smaller [133].  
The overpotential and nucleation effectively can be broken down into three distinct regions, 
kinetic control, diffusion controlled and a mixed state. These regions are depicted in Figure 2.12.  A 
critical amount of overpotential is needed to start the nucleation process. If the flux of metal ions is 
high into the region in comparison to the rate of deposition, then this will put us into the kinetic 
controlled region, where the island form and is built out from the base, by adatoms and surface 
diffusion, and forming facets where new atoms can be deposited on, this can be seen at (a) in Figure 
2.12. As the facets form, there will be high and low energy facets, where the high energy facets are 
filled, meaning that the surface that is remaining at the end of deposition will be that of low energy 
deposition sites.  The lowest energy faces are typically the ones with the most atoms or for the fcc 
system the {111} planes. There are ways to increase the flux during deposition to be in the kinetic 
region of nucleation and growth can be obtained by low deposition rates, high metal ion concentration, 
and/or agitation of the solution [134]. 





 As the overpotential increases, eventually hemispherical islands will form (b in Figure 2.12) 
as the deposition begins to deplete the ions around the substrate. This is typically the region where 
thin film deposition occurs for fast deposition. Because of the extra energy in the system, the metal 
ions begin to deposit more readily at the low energy sites giving the hemispherical shape.  As the 
hemispherical islands grow, they will ultimately meet each other in a layer and form distinct grains. If 
we were to make the system fully diffusion controlled (near limiting current) dendrites form (c in 
Figure 2.12).  
2.15 Molecular Modelling of Deformation Processes in Multilayers 
To help better understand the mechanisms that grant these multilayers their strength, 
modelling can be done to look at dislocation movement in the multilayer, as well as obtain theoretical 
values for the elastic modulus, breaking stress, and ultimate tensile stress. The software that will be 
Figure 2.12: Stead state current-voltage (I-U) curve for the deposition of a metal (M) on a substrate 
(S). a) Nucleation and growth under kinetic control, b) nucleation and growth under mixed 





used for this research is the Large-Scale Atomic Molecular Massively Parallel Simulator (LAMMPS) 
produced by Sandia National Labs [135]. LAMMPS is a molecular dynamics software that focuses on 
materials. Users can the set the structure, atoms, interatomic potentials and boundaries of a system. 
Many actions can be defined, including heating, cooling, changes in pressure, bringing a system to 
equilibrium, pulling the system in tension or compressing it. LAMMPS can also export files that can 
be read by MATLAB. Additionally, atom visualization programs such as Ovito that specialized in 
visualization and analysis of molecular dynamics and computational software [136] are compatible 
with LAMMPS and are used in this study. While LAMMPS comes with many different interatomic 
potentials. NIST has a database of interatomic potentials for and between elements [137]. Inside this 
LAMMPS  database there is a file for nickel, copper and the combination of the two that will be used 
for the simulations conducted in this thesis [138].  
 To the author’s knowledge, past studies of copper or nickel-based multilayers in LAMMPS 
are very limited.  The most relevant study of these multilayers is by Shuai Shao [139] who’s thesis 
looked at the strengthening effect of coherent interfaces in bilayers, dislocation interactions with 
coherent and incoherent interfaces of bilayers and how these transfer to multilayers. Shao looked at 
these through use of nanoindentation on copper-nickel (coherent), copper-niobium (incoherent), and 
copper-nickel-niobium multilayer systems. They found the strengthening effect of the systems from 
smallest to largest to follow that order. Shao found that for a copper-nickel bilayer with a (111) 
interface and the indentation being made on the copper layer creates partial dislocations that go 
through the copper and get stopped on the interface with the nickel. These dislocations end up 
bounding stacking faults, and cross the boundary, but remain pinned to the boundary. As the 
indentations continue, any dislocation bowing across the boundary retracts to the boundary, and new 
dislocations begin to form in the copper rather than propagate into the nickel.  Stacking faults 





interface on the copper side. The force for the indentation drops when the entangled dislocations 
finally bridge the interface. Any drop in the force after this initial drop is due to other entangled 
dislocations crossing the interface. Stacking faults that nucleated in the nickel would be rather short 
and would grow as they entered the copper [139].  
 For multilayers, Shao found that the fcc-fcc interfaces of copper-nickel multilayers were less 
able to block dislocation movement than the bcc-fcc interfaces of niobium-copper/nickel, which is to 
be expected from an incoherent interface. Therefore, the niobium multilayers tend to undergo much 
more strain hardening, than the coherent nickel-copper which appear to undergo strain softening. 
Lomer-Cottrell locks (stair-rod dislocations) were also seen in the copper-nickel multilayers. Under 
high compressive stresses, it was noted that the partial dislocations forming the Lomer-Cottrell lock 





3.0 Experimental Procedures 
We propose to test the current conflicting concepts on the strength enhancements of these 
materials as the modulation wavelengths decrease to probe the mechanism that makes the CMAs 
strong by looking at the coherent and incoherent interfaces for the CMAs. These results are then 
further investigated using molecular dynamics simulations. Our procedures for both are explained in 
this chapter. 
3.1 Electrodeposition and Solution Characterization 
We synthesize and test copper-nickel CMAs with modulation wavelengths near the transition 
between the coherent and incoherent boundaries to  (1) to determine the fundamental strengthening 
mechanism, (2) to determine the region of highest strength, and (3) apply the high strength multilayers 
to high aspect ratio, and patterned substrates.  The copper-nickel CMAs are being constructed with a 
potentiostatic technique under coulometric control. This technique will look for a measured amount 
of charge reached. When reached, the potential applied to the system will change, allowing for finite 
control over the system for accurate layer thickness. The potentiostat used for most of this study is an 
AMETEK Parstat 4000 with accompanying software VersaStudio. The Parstat 4000 can monitor 
currents down to pA providing accurate measurements of the deposited metal.  
Polycrystalline 101 and 110 copper substrates are used initially to test electrolytic concertation 
in a single electrolyte. These experiments will begin with nickel to copper concentrations ratios 100:1, 
or 90 and 0.9g/l.  The sources of these metals will come from nickel sulfamate and copper sulfate 
respectively. The pH is set to between 3.2 and 3.5, using sodium bicarbonate and aminosulfonic 
(sulfamic) acid. 30 g/L boric acid will be used to act as a pH buffer to keep the electrolyte in the 
correct pH range. We added 50ppm chloride, as nickel chloride, to help with the dissolution of the 





of Triton X-100 as a surfactant to assist in the removal of hydrogen gas bubbles from the surface of 
the cathode. The anode is a nickel 200 alloy, which is a minimum of 99% nickel with trace amounts 
of other elements.  The nickel sulfamate is supplied by MacDermid Ethone under the name Barrett 
SNR-24, in a 180 g/L concentration. Analysis grade (99%+) copper sulfate is supplied by Across 
Organics.  The aminosulfonic acid (98%), boric acid (99.99%), nickel chloride (99.95%) and Triton 
X-100 were all supplied by BeanTown Chemical. The sodium bicarbonate (ACS grade) is supplied by 
EMD.  Nickel 200 sourced from McMaster-Carr. 
The steps for making the solution follows: (1) First the nickel sulfamate is dummied for a 
minimum of 18 hours at a low current (~0.1-0.5 mA per square centimeter of the area of the anode) 
to remove metal contaminates that are more noble than nickel. After this, (2) there is a 15-minute, 
high current (greater than 5 mA per square centimeter) step to remove organic and less noble element 
contamination from the solution. (3) The nickel sulfamate concentrate is then diluted to 90 g/L and 
activated carbon and all chemicals listed above, except the Triton X-100, are added to the solution. 
This solution is set to stir a minimum of 5 hours to ensure the boric acid dissolves completely and 
that the activated carbon can remove any final organic contamination. (4) The solution is then filtered 
through a Whatman #1 filter, followed by multiple filtering through Whatman #5 until the filter paper 
remains clean. At this point, the Triton X-100 is added.  
A two-step potential output will be used to deposit the copper and the nickel-alloy layers. The 
nickel alloy is very dilute in copper (~100/1 atomic weight ratio). Examples of the waveforms we used 
to produce the samples are seen in Figure 3.1. We will be using a two-step, square wave, potentiostatic 
waveform that can be seen in Figure 3.1a. To deposit nickel such that the amount of copper 
contamination, a brief pulse of upwards of -1 V vs SCE is required, followed by a much longer (~30-





Figure 3.1b, where there is a brief, high current nickel pulse that transfers into a positive 
capacitance/diffusion spike, followed by a long, low current pulse to deposit copper before finally 
having a negative capacitance spike before returning to step. However, in Figure 3.1b and Figure 3.1c 
there is a period where the current/charge goes above 0 due to the capacitance of the cell. To counter 
this a third step that is not evident inside the waveform can be added to ensure that the copper layer 
is accurately deposited. A step can be added with the potential of the copper deposition; however, this 
step is current limited instead of coulombic limited. When the current is less than 0, it will begin to 
count the coulombs for copper deposition. Unfortunately, this technique is not possible to use for the 
nickel deposition as the capacitance current will be the same sign as the deposition for the coulombic 
control. For our deposition we will be using either a SCE or 3.4M AgCl reference electrode. While we 
will not be synthesizing these samples by galvanostatic methods, galvanostatic deposition is a good 
tool for determining the potentials needed for a specific current density. By controlling the current, 
the stability of the potential to determine the potential to achieve the optimal ratios of current. [23]   
Two different pre-templated masked substrates are used. The first is masked, high aspect ratio, 
copper coated, polymer substrates obtained from Intel that are used as the cathode side of the cell. 
Due to the micron and submicron features of the mask, a three-step potentiostatic output will be 
needed. For each system, the same potentials needed to deposit the metals will be present. However, 
due to the depletion of the more noble metal (copper) inside the crevices of the mask, time is needed 
for diffusion to replenish the electrolyte. Thus, a third step may be needed where the potential is 
reduced for an extended period before the first two steps are repeated. Upon the synthesis of the 
CMA, the sample will be soaked in a solution to dissolve the mask leaving behind the CMA patterned 
















Additional, pre-templated substrates are dog-bone, and rectangular molds on silicon chips. 
There are potential issues with polishing and cleaning the copper coated silicon. Because of the 
sensitivity of silicon wafers to physical damage, polishing and cleaning will have to be done with as 
little applied force as possible to protect their integrity, while also making sure to not remove too 
much of the thin copper film. These damascene techniques are used commercially and potentially 
these can be done by our supplier [140]. This would also have to be done before the mask is applied 
to the sample. If the application of the mask causes any issues with the copper layer, then the copper 
will have to be re-polished and cleaned through chemical means. Electrical connection must be made 
using copper tape conductive paints that are sealed in a chemical resistant, stop-off lacquer  
 High aspect ratio pillars require the masked substrates to undergo special preparation in to 
provide uniform deposition. The substrate is inserted into a customized vacuum chamber (Figure 3.2) 
and have the vacuum pulled. An activating solution of dilute sulfuric acid (<10%) will be backfilled 
in. The vacuum system will be backfilled with and have the sulfuric acid removed. The chamber is 
then put under vacuum and filled with the electrodeposition solution. This process will reduce any 





 There were many iterations in 
cell design to for this project. The first 
category of cells involved a single 
chamber where the anode is separated 
from the main solution by using a 
polypropylene anode bag. The 
reference electrode was used with a 
bridge tube that was movable in all 
directions such that it could be angled 
from any direction. These cells, seen in 
Figure 3.3, were small and not designed 
for large sample synthesis. After these 
single chamber cells, three Custom 
made borosilicate glass cells were designed and made by Arch One Glass, an industrial glass blowing 
company. The first two are similar in design. The first can be seen in  Figure 3.4. This cell can hold 
approximately 775 ml of solution. The cell is approximately 10 inches in length and as such provides 
a much more uniform current distribution than that seen above. The anolyte is separated from the 
catholyte with a fritted glass disk, helping to keep any particles that come off the anode away from the 
deposition surface. The reference electrode is inserted into a long probe with a capillary tube/glass 
fritted filter tip. The probe’s distance from the surface can be adjusted by moving a rubber O-ring up 
and down the probe. The openings are small on this cell and as such the cathode is masked with 
electroplating tape rather than a sample holder. The cathode and electrode are clipped to the glass as 
support.   
Figure 3.2: Vacuum system used to activate substrates for high 





 The second borosilicate cell can be seen 
in Figure 3.5. This cell has a similar design as that 
seen in Figure 3.4. However, the cell is larger with 
an approximate volume of 975ml. There are 
three main changes to this cell in comparison to 
the cell above.  There are larger openings for the 
cathode and anode that would accommodate a 
small sample holder, albeit electroplating tape is 
still the preferred means of masking a sample to 
maintain a large plating surface. The second is the 
addition of hose-barbs connected to the anolyte 
and catholyte such that filtering can be done 
continuously during synthesis of the multilayers.  
sdsds 
Figure 3.3: Square single chamber cell with anode bag 
and bridge tube 





The final is the addition of a port that can be used for a thermocouple or port so that only the catholyte 
is filtered.  This port was primarily used for filtering, as the rate of filtering would not be dependent 
on the flow of the solution through the glass frit.  
 The third borosilicate cell, 
seen in Figure 3.6 has a much larger 
volume than either of the previous 
two iterations, at approximately 1.8L. 
The cell has two other main 
differences. The first is the removal of 
the O-ring system and probe, in favor 
of a ground glass frit. This port can 
either support a fixed probe position 
for the reference electrode port or 
allow for a thermocouple to be 
inserted through a septum. The 
second change is the addition of large 
walls to where the anode and cathode 
are inserted. These walls, and 
ultimately why this cell was designed, 
allow for accommodation of a large 
sample holders, one of which can be 
seen in Figure 3.6. The larger sample 
holders can have a reference electrode 





probe port built in, providing for a more fixed position than a previous iteration of the 
electrodeposition cells.  
  The two sample holders designed for the largest borosilicate cell can be seen in Figure 3.7 The 
first sample holder seen in Figure 3.7a. is designed for the small dog-bone samples. This sample holder 
has an O-ring that presses on the sample and a port for the reference electrode probe. The electrical 
connection is made with copper tape and carbon paint. All exposed conducting surfaces that are not 
being metal coated are covered in the stop-off lacquer to prevent deposition in those areas. While this 
sample holder can close entirely, through use of hex screws, it is not necessary as the stop-off lacquer 
seals the system from the cell environment. The second large sample holder can be seen in Figure 
Figure 3.6: Third iteration of electrochemical cell shown during synthesis on small dog-bone sample. Probe 





3.7b. This one is designed to seal entirely, with a large rubber washer and a screw back that presses 
directly onto the sample. Large strips of copper are used in this cell, and electrical connection is made 
directly to the sample.  
To first characterize the solution, cyclic voltammetry (CV) and Hull Cell techniques are used.  
The cyclic voltammetry curves are generated for the nickel, copper and combined system. The CV 
curves give the limiting current of the copper, determine the overpotential needed to start the 
nucleation of nickel onto a copper substrate/layer, and their shape suggests when a film forms on the 
Figure 3.7: (a) Sample holder for silicon based, 
small dog-bone sample with substrate visible. (b) 
Sample holder for large dog-bones and round 






electrode.  CVs can also determine the capacitance that exists inside an electroplating system. A Hull 
Cell is used to characterize the current densities and check the “health” of the solution. A Hull Cell 
seen in Figure 3.8 is a trapezoidal cell, where the cathode is at an angle to the anode. This provide a 
current density gradient. It is possible to see the current range of which copper and nickel are 
depositing, as well as the presence of a limiting current, which would be show as copper dendrites. If 
the limiting current is shifted to far to the lower current densities, then copper must be added to the 
solution. The Hull Cell is heated to 50-55°C, to match the conditions set during deposition. Hull Cells 
can also be air agitated to assist in the diffusion of species in solution [141] 
 Electrodeposition through high-aspect ratio masks is a much more complicated procedure. 
Copper can very easily be depleted inside of the crevices and be hindered on the rate of diffusion into 
the crevices, greatly increasing the chance that the limiting current may be reached. Because of this, 





the waveform may not be as straight forward as in Figure 1.7 and will require extensive trial an error 
to achieve multilayer pillars to any substantial thickness. It may require an off, or very low copper 
potential to give time for copper to reach the deposition surface. Additionally, there will be edge 
effects that are very difficult to mitigate particularly if the masks have right angles to the substrate or 
itself.   
 Flat non-masked samples on copper substrates are removed from their substrates using a 
copper stripping solution. This solution contains 900 g/L chromium trioxide (the anhydride form of 
chromic acid) with 14ml/L sulfuric acid in water. The chromic acid passivates the nickel layers 
protecting them from being dissolved by the sulfuric acid. To further help support the multilayers, a 
protective layer of electroplating stop-off lacquer can be applied to the multilayer side of the sample 
to keep it out of the acidic environment and provide extra support to the multilayer for handling. An 
optional potential can be applied (+0.8 V) to expediate the removal of copper, however in practice 
there is a risk of damaging the multilayer [14]. While these solutions can be used over multiple samples, 
it is important to monitor the consistency of the solution as the copper dissolves. Eventually, a thick 
tar-like substance forms, coating the surface. While it is possible to free the sample, the sample can be 
damaged.   
 The chromic, sulfuric acid solution is very sensitive to the concentrations listed above. If the 
concentration of sulfuric acid, will result in the inability to dissolve the multilayer. A solution with a 
lower chromic acid or higher sulfuric acid content, will cause the multilayer to be chemically etched 
through. However, this effect can be exploited to chemically cut sample into a shape desired shape 
(i.e. dog-bone). By using stop-off lacquer and/or electroplating tape, a mask can be created on both 
sides of a sample to protect that area from an etching solution. Since a solution with slightly more 





could be chemically cut, with little to no damage to the edges of the multilayer. The tape and/or 
lacquer can be dissolved later, leaving a free-standing shape. This technique provides a way to make 
dog-bone samples from round multilayers, providing better thickness uniformity to the sample with 
minimal edge defects in which a tensile sample could fail.  
3.2 Characterization Techniques 
A transmission electron microscope (TEM) and scanning electron microscope (SEM) are used 
to look at the interfaces between the crystal layers. The goal is to look for dislocations and their 
locations. Of particular interest is if these dislocations bridge the multilayers or are trapped in a single 
plane of the CMA. Additionally, this would tell how the interfaces nature change as a function the 
layer thickness. For samples made through a mask, the TEM may be able to determine the layers are 
evenly deposited and if enough time is given to the system for diffusion to occur. In order to prepare 
samples for TEM, a small section will be removed and thinned by using a focused ion beam (FIB). 
The FIBing and TEM imagining was conducted at Dartmouth college on a FEI SEM with FIB, and 
a Tecnai TEM. 
A Tescan Lyra3 SEM with Energy dispersive X-ray spectroscopy system (EDS) is used to 
evaluate the relative composition of the bulk multilayers, view if the multilayer is growing epitaxially 
to the copper substrate and evaluate the surface roughness. This SEM also has a FIB that can be used 
to make TEM samples, as well as trench out regions of the multilayer for further analysis of the grain 
sizes.  
 Tensile testing conducted on these samples. By obtaining the stress-strain curves of the CMAs, 
the UTS and elastic modulus of the material would be able to be determined. The samples will have 
to be constructed in a dog-bone shape to ensure that the break will occur in the center of the sample. 





is done by using a sulfuric and chromic acid solution to separate the CMA from the substrate [60]. 
These tensile tests will reveal the in-plane elastic modulus of the layers, as well as the yield strength of 
the material. One challenge of testing thin films in tension is gripping the sample. One recommended 
way to hold the sample is with a corrugated metal grip to increase the force at various points on the 
foil. Additionally, these samples can be glued to a material that can be more easily held. While the glue 
does not have as high of a strength as the CMA, the samples can be designed so that glue would be 
able to cover a larger area so that the sample still would break at the center of the dog-bone shape. 
 Because of the micron scale thicknesses of the tensile specimens, they are designed to try to 
match the ratios given by ASTM 8/ASTM E345 as put forth by Tench and White for copper-nickel 
multilayers [142, 143, 144]. ASTM recommends a gauge length of 25.0 mm, a width of 6.0 mm, with 
a thickness dependent on the material [142]. Tench and White used a 50 µm thick sample, with a gauge 
length of 28 mm, and a width of 6.3 mm [144].  Due to potential restrictions in the tensile testing 
apparatuses as well as difficulties with thin films, it may not be possible to follow the exact standard 
measurements given by ASTM or by Tench and White. Keeping the ratios close to the standards will 
help give the desired breakage of the samples, keeping the deformation of the grip region at a 
minimum.  The tensile testing of these samples has significant challenges, as the samples are very 
prone to slipping if not gripped properly and have serious high-stress edge effects. Both have the 
potential to break the specimen in a location within the center of the dog-bone. Additionally, these 
issues would affect the modeling of the deformation that occurs. Edge effects are critical in 
determining breaking stresses and will have to be mechanically polished to fine grit and possibly 
electropolished to get accurate results. Because of this, any sample mechanically cut from a larger 
sample are a rectangular shape. Unfortunately, a rectangular shape is prone to breaking along where 
the sample meets the substrate or grips. It is possible to plate with dog-bone shaped masks, however 





Additionally, when mounting a thin film sample, it is imperative to prevent any form of shear force, 
as the samples will tear.  
Four tensile testing methods were used in this study. (1) The first uses an Instron 430I with a 
10 N load cell which can been in Figure 3.9a. Mounting is done with pneumatic grips and polymer 
lined cardboard sample holders (Figure 3.9b). The tensile samples are mounted in the carboard and 
sealed with a hot press so that the polymer lining secures the tensile specimen. These sample holders 
provide support the sample during mounting, protecting them from any shear force. The sides of the 
cardboard are then cut so that the only connection from the top grip to the bottom is through the 
sample. For particularly thin samples, these sample holders can be modified by cutting out the sides 
and reattaching the top and bottom of the cardboard using the paper. The main drawback with this 
instrument is its size. The step size is related to the screw that lifts the arm of the device and as such, 
provides a stress-strain curve with a step pattern. Additionally, in order to break the samples, the 
samples must have a very narrow- and thin-gauge section, making the samples very prone to breaking 
during the cutting of the sample holder. (2) A TA Instruments Q800 DMA was also used to conduct 
tensile testing. With an 18 N load cell, the Q800 can accommodate for thicker samples than the 
Instron, however, both mounting and gripping of the metallic film proves difficult as the sample has 
to be inserted from the side, resulting in shearing forces. (3) A Deban Gatan tensile stage with a 2 kN 
load cell could conduct tensile tests on thicker samples, but the samples used in this device tend to 
break along the grips. (4) The final tensile testing method were though the production of the dog-
bone samples on a copper coated silicon substrate that were sent to the sponsors of this thesis for 
external testing. These samples were made to be greater than 40 µm thick but suffered from many 





 Microhardness tests are conducted on a Buehler 1600-6306 with both a Knoop and a Vickers 
microindenter and a Shimadzu HMV with a Vickers microindenter.  Knoop and Vickers indenters 
each have their benefits and drawbacks for testing on CMA thin films. A Knoop indenter’s elongated 
diamond shape, samples a larger area of the multilayer as the indentation physically covers more of 
the surface. Additionally, because of the force is spread over a large area, the indentation is shallow, 
at 30% that of the length of the Knoop indentation This allows for the multilayers to be as thin as 3 
µm without having been affected by the substrate. The Knoop does have its drawbacks, as it is much 
more sensitive to surface roughness and gas pockets that could be trapped in the multilayer, causing 
inaccurate readings. Vickers indenters, due to their narrower and deeper indentations, can provide a 
much more localized view of the hardness and can provides more of an average depth reading than a 
Knoop indenter. However, the deeper indent, will sample the substrate or other mount, providing 






inaccurate results. Hardness testing allows for a far less destructive measurement for the physical 
properties than tensile testing. Additionally, these tests can be conducted while the CMAs are still on 
their substrates. However, since CMAs will tend to grow epitaxially to the substrate, the grains in the 
CMA may be considerably larger than the indentations. Since the strength and hardness of a single 
grain will depend on its orientation, multiple grains must be sampled to obtain an average over the 
sample.  
 Because of the micron scale thickness of the multilayers that will be tested, the values that are 
obtained from microhardness must be corrected to account for the effect that the substrate has on 
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Where HC, HS, and HF, are the hardnesses of the composite, substrate and film respectively. t is the 
thickness of the thin film and a is a coefficient dependent on that film and, the indentation depth 
defined as h, and a constant C.   The value for C depends on the nature of film deformation during 
the hardness testing and has a value of 0.14 if the print is accommodated plastically or 0.0727 if cracks 
form. Values of C can be between these values if a mixed nature is observed [145].   
 When making multilayers, it is important that the substrates used are atomically flat to acquire 
the satellite peaks in x-ray diffraction. To achieve this, the copper substrates should undergo grinding, 
heat-treating, mechanical polishing, and electropolishing procedures. Upon cutting out the substrate 
from the bulk material, grinding is important to remove any burs, soften the edges and round the 
corners. This will make it easier for the copper to be polished in later steps by increasing the lifetime 





Since copper is easily work hardened, the substrates need to be annealed at two thirds of the melting 
point under argon for a minimum of 30 minutes. The heat treatment will remove residual stress and 
create grain growth. This will minimize texture effects that may exist, which will potentially skew the 
x-ray peaks.  
 Copper is a soft metal with a Knoop hardness of 153, while, in comparison, nickel and 
chromium have Knoop hardness values of 557 and 935 respectively [146]. Because of these high 
numbers, polishing should be done with great care not to imbed the polishing particles into the copper 
substrate, as this will hinder the electropolishing and electrodeposition of the multilayers. The copper 
should be polished with water at a 240 and 600 grit silicon carbide sandpaper at a minimum with an 
optional 800 grit step. Beyond this, the copper will be much more susceptible at picking up silicon 
carbide particles from the paper itself. After this, diamond polishing can be conducted using a 6µm 
and 1 µm polycrystalline diamond in a glycerol suspension. Additionally, a glycerol-based lubricant is 
recommended to reduce surface tension and keep the particles from agglomerating thus scratching 
the surface. Often a final polish with a 0.05µm alumina in water suspension is useful.  
 After the mechanical polishing steps are completed, and the surface sufficiently clean of 
polishing debris, electropolishing can be done to give the substrate an atomically flat surface. For 
copper, the electropolishing solution should be 50% phosphoric acid with water. The copper substrate 
is submerged such that the face being electropolished is facing upwards. The cathode is a piece of 
stainless-steel tubing that goes around the copper area being electropolished. One example of an 
electropolishing setup can be seen in Figure 3.10. An alternative is to place the stainless-steel on a bent 
piece of copper such that the entire anode is the substrate to be plated, removing any issues with 
electrical connectivity. To determine the conditions required for electropolishing, a plot of the current 





potential for electropolishing to be at 1.8V, but it is important to note that this potential may change 
based on one’s own experimental setup. The time for electropolish will vary depending on the sample, 
however, it is important to rinse the substrate as eventually a coating will form on the substrate 
disrupting the electropolish. As such an Extech model 382275, 600W power supply is used to 
electropolish specimen. The plot will typically show two plateaus in the current, the first will at the 
start of trial, while the second will be after a period of steep slope in the curve. This second plateau is 
caused by the formation of a protective layer over the surface of the substrate. This layer will allow 
the electrodeposition to be uniform over the surface and prevent pitting. It is recommended that the 
electropolishing be done to a depth of twice that of the scratches present from the final mechanical 
polishing step.  
 There is an inherent issue when it comes to the mechanical and electropolishing steps of 
annealed copper. With the finer mechanical polishes, the electropolishing procedure will be much 





faster. However, if any particle is embedded in the surface, the particle will block the copper 
underneath it, which can create a rough surface, hindering the chance of viewing the x-ray satellite 
peaks and disrupting the general uniformity and quality of the multilayer. It is important to note that 
electropolishing a sample can be done without mechanically polishing first, however, the time taken 
to electropolish will be substantially longer to achieve the same effect.  
3.3 Troubleshooting 
Since removing the substrate from the electrodeposition solution can cause the passivation of 
the substrate, there are ways to check the general condition of the multilayer by looking at the plots 
for current, charge, and potential. During the potential switch between the different steps for 
deposition, a current spike is present due to the capacitance of solution. The height of this spike is 
proportional to the area of the sample. In the ideal circumstance, the height of the current spikes 
should be identical, however if the spikes begin to grow rapidly, then there is dendrite formation. 
Typically, if this happens very early in the synthesis (within 10 to 20 minutes) it is likely that the 
substrate has been passivated or there is a leak around the sample holder. If it occurs later in the 
substrate, the location of the dendrites will suggest the cause of the issue. If the dendrites form at the 
top of the sample, then it is likely that there has been depletion of surfactant and are caused by 
hydrogen formation. If the dendrites form at the center of the sample, it is likely that the copper 
concentration around the working electrode is the issue. If the entire sample is dendritic, then there is 
likely an issue with the pH of the solution or the copper concentration of the solution is too high or 







 LAMMPS is a molecular dynamics simulation program developed by Sandia National Labs, 
and uses the interatomic potentials, and user defined inputs to calculate a desired property or result. 
The LAMMPS script that is used in this work is a modified version of an example scripts published 
by Mississippi State University [147].  The YouTube Channel EnCodeVentor [148] gives an in depth 
description of the different commands that are used for tensile and compression testing in LAMMPS, 
as well as how to use the visualization software OVITO. The size of the layers will be rounded to the 
nearest integer value for lattice parameter to streamline the code and provide consistent results. The 
simulations will be varied incrementally in approximately one nanometer steps, such that each step is 
a multiple of the lattice parameter. In order to simulate a multilayer, the boundaries are set to be 
periodic, such that opposite boundaries interact. The temperature (velocity), which helps define the 
diffusion between the layers of the multilayers, are at 1 K, while undergoing both the synthesis of the 
multilayer as well as the tensile testing in the [200], [111], and [110] directions. This is done with the 
goal of producing several three-dimensional plots to explore the fundamentals of these multilayer 
systems. Additional simulations of multilayers with copper layer thicknesses of 5 nm, 10 nm and 15 
nm synthesized at 325 K and pulled in tension in the [200], [111], and [110] directions at 300 K to 
compare to experimental procedures as listed above as well as the 1 K simulations.  Because of the 
computational requirements and time limitations of LAMMPS, the strain rate was set to 1 m/s.  The 
interatomic potential is provided by Onat and Durukanoglu titled CuNi_v2.eam.alloy [138, 149]. 
Verification of the modelling will be run by using LAMMPS data to compare to known or accepted 







4.1 Cyclic Voltammetry 
Cyclic voltammetry (CV) is used to examine the limiting currents and plating potentials of the 
nickel and copper in solution. The Copper CV curve can be seen in Figure 4.1.   The scan rate of this 
CV curve was 0.1 V/s. The currents seen in this CV curve are indicative of a starting multilayer 
synthesis as we are not depleting the copper in the system at the rate of the limiting current during 
nickel deposition. Additionally, due to the capacitance of the system, a potential must be chosen such 
that there will not be a positive back current. As the potential becomes more negative, it crosses the 
no current point at approximately 9 mV. On the return it crosses the no current point at about -19mV. 
Potentiostatic deposition has a very fast switch in the potentials, so a margin of error is needed in 
selecting a potential for the deposition of copper. A selection was ultimately made to deposit copper 
at -0.15V vs SCE.  
A nickel CV can be seen in Figure 4.2. The scan rate for the nickel CV curve is 0.05 V/s, 
slower than the copper one seen above. The nickel current is relatively low and constant before 
dropping suddenly at around -750mV. After this the current, begins to become larger at a steady rate. 
In this region, there is also current going to the production of hydrogen gas, which will contribute to 
the current. There is a cross over point at approximately -930mV which is indicative of a film forming 
on the electrode. This cross over point is persistent in varying conditions (surfactant concentration, 





scan rate, potential, addition of copper, etc.), however the position does vary from -825mV to -950mV. 
This effect is likely due to one or both of the following: the presence of hydrogen in the system and 
the difference between the substrate and deposition material. Since the nickel is being deposited on 
copper, the nickel must form stable nuclei on the surface of the copper. This will require what is 
referred to as a nucleation overpotential, a potential that is more negative than what is required to 
reduce the nickel ions. As the curve switches back into the oxidation direction, the nickel is being 
deposited onto nickel, eliminating the need for this overpotential. This effect reoccurs over multiple 
sweeps as copper is deposited at lower applied potentials [150]. Since there were no other features to 
be aware of, we aim to have a 100:1 ration of nickel to copper current, and as such selected a potential 
of -1 to -1.35V vs SCE 
Figure 4.3 is the combined CV curve for nickel and copper. The scan rate is faster than the 
two CV curves above at 0.5V/s. The crossover point is present but is closer to -840mV. Additionally, 
the initial copper current can be seen to have increased greatly forming a larger current region at the 
Figure 4.2: Nickel cyclic voltammetry curve 





smaller potentials. This feature does disappear on subsequent sweeps.  The faster scan rate also makes 
it more apparent where the nickel deposition begins to become a significant fraction of the total 
current in the system at around -610mV.   
4.2 Hull Cell Characterization 
Hull cell plating tests were run on at several different current ranges. The first panel seen in 
Figure 4.4 is a 200mA test run for 25 seconds on an unused solution. It is placed next to a ruler that 
markings indicate the current density in A/sqft. The top set of markings is for 1A of current, so for 
200mA, those numbers need to be divided by 5. While the Hull cell panel has begun to oxidize 
somewhat in this picture, it is still possible to see three transition points (marked in black) that denote 
4 distinct regions. We will be noting the regions in term of the 1A markings; however, there will be 
conversions of the current densities into mA/cm2 for a 200mA scale. On the far right, below ~0.7 
A/sqft on the or 0.151 mA/cm2 is very low copper currents. While this region plated well, it is 





extremely slow to deposit in this region. Between the 3A/sqft (0.645 mA/cm2) and 0.7 markings, the 
copper is depositing a bright coating of copper. Between the 6A/sqft (1.292 mA/cm2) and 3 
markings, the copper is starting to become a more silver color, as nickel begins to deposit with it. 
Above the 6 marking, nickel is the predominate material being deposited. In this hull cell panel, there 
is no signs of dendritic formation that would indicate the presence of a limiting current. However, 
this is most likely due to the nickel also being capable of being bright deposited at the same current 
densities.  A hull cell panel that was run with the same conditions on the same solution can be seen 
in Figure 4.5. While the transitions are not as apparent as in Figure 4.4, the transition around the 
3A/sqft (0.645 mA/cm2) marking can be seen with a bright deposit of copper to the right of the 
marking.  
 






A Hull cell panel that was run at 100mA for 25 seconds on an unused solution can be seen in 
Figure 4.6. Because of the lower total current, the nickel transition is not apparent as they are with 
the 200mA Hull cell panels, which. However, the copper beyond the 25A/sqft (or 2.61mA/cm2 on 
the 100mA scale) the copper deposit begins to become distorted. There are two possibilities for this 
effect occurring, the first. likely beginning to deplete to copper in this region and form the start of 
dendrites. 
 A Hull cell panel that was run with 1A of current for 45 seconds can be seen in Figure 4.7. 
The right side of the panel has a blackish tint. This is likely due to the depletion of copper in the 
region and the formation of dendrites. The nickel deposition that occurred through the remainder of 





the panel is bright showing that we have a large range of current densities that we will be able to 
deposit nickel.  
 A final Hull cell panel run at 100mA for 30 seconds on a solution that was not giving good 
results can be seen in Figure 4.8. The copper is restricted to the far right of the cell. The copper is 
being depleted in the solution. The copper (which appears oxidized in the picture) is bright until about 
100µA/cm2. By 200µA/cm2 the copper has been entirely depleted and nickel is beginning to deposit 
in a bright fashion. Because of this low concentration of copper, the multilayers that were being 
deposited were diffusion limited and dendrites were beginning to form instead of the copper layer. 
Since the copper content in the solution is lower, we can see that nickel is able to be deposited brightly 
at low concentrations.  






4.3 Multilayer Synthesis and Apparatus Effects 
Four geometries of multilayers were made for this thesis: Circular, silicon mold dog-bone, 
large dog-bone, and pillars. The circular samples provide the best current distribution and hardness 
testing. The large dog-bone samples are used for internal tensile testing, and the small dog-bone were 
sent to out sponsor for external testing. The thicker round, and dog-bone samples were primarily put 
into a polypropylene sample holder to provide a more uniform current density as well as provide a 
fixed location for the reference electrode to provide current density continuity between samples. The 
multilayers were synthesized to 45µm in thickness successfully in a single experiment. Two samples 
were made to 80µm thickness, one over the course of multiple trials, being reactivated in a sulfuric 
acid solution between steps, the other in a single run but formed stress fractures from a temperature 
decrease due to outside circumstances. 





Circular CMAs were the primary sample synthesized. 
Seen in Figure 4.9, they were made in all four of the cells, with 
tape masks as well as the sample holder in Figure 3.7b.  These 
samples provide the best thickness uniformity and, when put 
into the sample holder, can be grown to great thickness. These 
samples were primarily used in hardness testing and the x-ray 
characterization. Because, the edge effects are minimized due 
to their circular shape, they could easily be cut into rectangular 
strips for tensile testing, providing the best uniformity. This 
also provides ease for mechanical polishing of the edges if cut mechanically. Additionally, these could 
be chemically cut using a chromic and sulfuric acid solution to obtain various shapes, without having 
to worry about edge effects strength applications.   
The tape masked, dog-bone samples can be seen in Figure 4.10. These samples are exclusively 
made in the largest borosilicate cell, with the sample holder seen in Figure 3.7b. The masks were made 
by tracing a precut, ASTM tensile sample. These samples were grown out to a variety of thicknesses 
and wavelengths; however, the majority of these samples were kept to small thicknesses in order to 
not max out the load cell for the Instron.  The samples themselves typically had the copper removed 
from the entirety of the gauge section, as well as part of the thicker grip section. These samples broke 
consistently in the grip section. However, they had three drawbacks Because of their straight edges, 
they are extremely hard to polish the edges, and as such, tended to have edge effects. Similarly, there 
is a slight thickness gradient to the samples. When free standing, they would be prone to bending and 
forming creases.  However, unlike the rectangular tensile samples, these did consistently break in the 
gauge section. 
Figure 4.9: Circular Multilayer sample 
after having the copper substrate 





 The silicon substrate, dog-bone samples were among the thickest samples synthesized for this 
study, with minimum thicknesses of 45µm. An example of one can be seen in Figure 4.11 These 
samples were synthesized entirely in the cell seen in Figure 3.6 and the sample holder seen in Figure 
3.7a.  While generally plating very well through the body, they had severe edge effects due to the sharp 
edges. These edge effects are primarily caused by the gradual decrease in copper concentration. As the 
copper becomes depleted, the diffusion control mechanism for growth begins, forming bulbus 
nodules that cannot be polished away by mechanical means. 





The masked, coper coated polymer substrates 
can be seen in Figure 4.12 and Figure 4.13. The 
polymer masks have been removed. In both images, 
the CMAs deposited with the same pattern in the 
substrate to a thickness of 3µm. We can see that there 
appears to be slight buildup of materials at the edges 
of the 200µm2 sample, however, the CMAs are 
generally uniform in thickness. However, this is not 
the case with the 40µm thick samples. While there 
were some pillars that were uniform in thickness, 
those like that shown in the bottom right of Figure 
4.13, show dendritic or mixed kinetic-diffusion 
controlled growth. 
The ultimate result of this work found a 
final potential needed of -1.15V for Nickel and -
0.15V vs SCE using the cell seen in Figure 3.6. 
However, over the course of this work, multiple 
different potentials, chemistries, and experimental 
set-ups were tried. As this section will examine the 
cause and effect of several of the different changes 
in the synthesis of the multilayers and how they 
were successful or not.  When failure occurs it 
generally falls into one of three categories: (1) 
computer and apparatus, (2) solution and sample 
Figure 4.11: Silicon substrate, dog-bone sample. 
45µm in thickness 






stability, and (3) cleanliness.  Independent of the apparatus, we are using coulometric controls, where 
a computer must integrate the current to obtain the charge. If VersaStudio, the control program for 
the potentiostats, were to freeze, the system would become lawless, causing failure in the coulometric 
control, layer counts, applied potential, and likely cause damage to the system itself.  
  





4.4 X-Ray Characterization  
Figure 4.14 is an x-ray diffraction (XRD) spectrum of the center of a 10 nm nickel, 5 nm 
copper sample after the copper substrate has been removed. The center main Bragg peak, is quite 
broad, suggesting a nanocrystalline material and/or large amounts of internal stress. As such the first 
order satellite peaks are embedded inside the main brag peak. The first order satellite peaks correspond 
with a wavelength of 13.6-15.1 nm lending agreement to the set values for the multilayer. 
 Figure 4.15 is the XRD spectrum of a 6 nm nickel, 6 nm copper multilayer that is attached to 
the copper substrate. Like the XRD Spectrum seen in Figure 4.14, the main brag peak is quite broad, 
however the satellite peaks are much more distinct. The copper substrate peak is very apparent 
appearing at 50.447 2θ. The copper substrate peak obscures the negative side satellite peak. Using the 
main brag peak and positive side, the multilayer’s wavelength is between 11-12 nm. 
 An x-ray diffraction spectrum of a 40 µm, 15 nm nickel, 5 nm copper can be seen in Figure 
4.16. The first order peaks have become completely embedded in the main diffraction peak. The 
second order are visible and correspond with a wavelength of 20-22 nm.   









4.5 Electron Imaging and Elemental Analysis 
A TEM image of an 8 nm Nickel, 6 nm Copper multilayer can be seen in Figure 4.17. The 
deposition potentials for this sample were -1.35 V and -0.15 V vs SCE respectively for nickel and 
copper. The multilayer was difficult to FIB, leaving behind debris, with uneven thinning, likely caused 
Figure 4.15: X-Ray Diffraction of 6nm Ni, 6nm Cu multilayer (Lot 214C) with copper substrate present 





by high internal stresses. Above the blue line is a platinum bar that was added to protect the multilayer 
during the FIB process.  The direction of periodicity is normal to the platinum bar. In this image we 
can see lines of glissile dislocations, indicated by red arrows. In the bottom right (opposite of the 
direction of the red arrows) larger dislocations can be seen. These dislocations seem to be pinned 
inside a layer. To the bottom left of the image, where the sample was thicker, the grain size of the 
multilayer seems to be below 10 nm in diameter. An enlarged section of the TEM image can be seen 
in Figure 4.18.  Using ImageJ, the size of the dislocations and the distance between rows can be 
measured. We found that there is a difference of between 8 and 8.5 nm between the rows, and the 
dislocations were approximately 5 nm long. Since the dislocations are distorting the image, these 
measurements are not exact. These measurements suggest that dislocations are pinned in the copper. 
The larger dislocations from the bottom right of Figure 4.17, are bridging one or two nickel layers, 
and are pinned in separate copper layers.  
A SEM image of a 23 nm nickel, 5 nm copper sample can be seen in Figure 4.19. The 
deposition potentials of the nickel were lowered from in comparison to the CMA seen in Figure 4.17, 
from -1.35 to -1.15V vs SCE. Large grains can be seen in the multilayer, as well as multiple locations 
with twinning, particularly in the upper right of the SEM image. However, these grains are likely 
growing epitaxially to the grains of the substrate; depositing in columnar structures. The extra energy 
that goes into the deposition system from the 200mV increase, begins to greatly effects the sample 
crystal size and quality.    
EDS was run to determine the fraction of copper and nickel inside of the multilayers. This 
spectrum generated on a 5 nm nickel, 5 nm copper sample can be seen in  Figure 4.20. The Copper 
takes up 51.8%, while the nickel is at 48.2% of the substance. Since the copper is being deposited as 





assume that our nickel layers contain approximately 3.6% copper. The EDS also shows peaks for 
sulfur, nitrogen, oxygen, and carbon. Nitrogen, sulfur, and oxygen likely are from the nickel sulfamate 
and copper sulfate remaining on the surface. Carbon is likely surface contamination.  
A cross section of a tensile test of a 23 nm nickel, 5 nm copper, sample can be seen in Figure 
4.21.  The sample broke during a tensile test run on the Instron machine. The sample did however 
break at a crease that formed during the mounting process. The break itself is very smooth and has 
very few cracks or fractures that appear on the surface. 
Another SEM image of the edge of a failed 23 nm nickel, 5 nm copper, silicon dog-bone 
sample can be seen in Figure 4.22. This sample delaminated from the substrate upon substrate removal 
from the sample holder. The sample itself is very rough, with large abnormal growth at the edges. An 
EDS spectrum with elemental percentages of the abnormal growth can be seen in Figure 4.23. The 



















Figure 4.19: SEM image of a 23 nm Ni, 5 nm Cu sample with Ni deposited at -1.15V and Cu at -0.15V vs 



































































4.6 Hardness Characterization  
Hardness was done on a series of 5 nm copper layer thickness multilayers. After corrections 
the values of which can be seen in Figure 4.24. The hardness values presented were corrected for 
substrate effects assuming both brittle failure/hardness cracking and for ductile failure/plastic 
deformation. The actual results are likely somewhere between, as brittle failure has been observed with 
these materials, and when conducting Knoop hardness on these samples, cracks have been observed 
emanating from the corners. Applying the approximation from Equation 4, we find approximate UTS 
values that are presented in Figure 4.25.  One effect that was noticed for many of the samples were 
indentations that yielded notably higher than others done on the same sample. Hardness values were 
seen at above 800 HV before any corrections were applied.  
  
  












4.7 Tensile Testing 
Tensile testing was conducted through four different methods. Due to the sensitivity of these 
thin films to edge defects, and shearing force, most of the samples were broken improperly such that 
results could not be gained. The most reliable way was by using the Instron with the sample holders 
seen in Figure 3.9. Of the tests that were one, only one sample broke in the dog-bone section correct, 
a 3µm thick, 23 nm nickel, 5 nm copper, tape-masked dog-bone sample seen in Figure 4.21. The 
results can be seen in Figure 4.26. The UTS was found at ~560 MPa. This is likely not an accurate 
measurement, as the sample broke in a region where the sample had gained a crease during the sample 
mounting process.  
 





4.8   LAMMPS 
Verification of LAMMPS 
 In order to gain confidence and verify the LAMMPS models, we chose to compare LAMMPS 
and experimental values of the ultimate tensile strength and Young’s modulus of single crystal copper. 
Single crystals can have anisotropic physical properties as atomic densities that depend on the 
direction.  For tensile testing of copper in the [200] direction at 300 K, we found the UTS to be 
approximately 6.28GPa and has a Young’s modulus of approximately 60GPa.  Simulations and first 
principle calculations have given UTS values of between 7.25 and 11.26 GPa for the [200] direction 
of copper [151]. The 7.25 GPa was a molecular dynamics simulation done at 300 K. Our simulation 
falls close to this range.  The literature values for the elastic modulus in the [200] direction is 51-77 
GPa [113], with our value being at the middle of this range. The stress strain curve generated by 
LAMMPS for the [200] tensile test can be seen in Figure 4.27.  
 The elastic modulus for multilayers is expected to follow the volume rule of mixtures, such 
that if copper and nickel both take 50% of the volume, the elastic modulus should be the average of 
the two. The [200] direction, single crystal nickel has an elastic modulus of 131 GPa [15]. The stress 





strain curve generated by LAMMPS for a 5 nm Nickel, 5 nm Copper multilayer generated and pulled 
in tension in the [200] direction at 1 K can be seen in Figure 4.28.  When examining the first 10 data 
points, we find that the elastic modulus for the multilayer to be 101 GPa. Using the 60 GPa 
measurement for the copper single crystal from the simulation in Figure 4.27, this would give an error 
of 6% for a 50/50 mixture of nickel and copper. However, the implied Young’s modulus for the 
copper in multilayer is 71 GPa, consistent with the 51-77 GPa range for the elastic modulus of copper 
seen in source [113].     
LAMMPS Simulation Results 
LAMMPS simulations were run in the [200], [111], and [110] directions sweeping nickel layer 
thicknesses from 5 to 25 nm and copper layer thicknesses from 4 to 20 nm. For the main body of the 
stress strain curves, the [200] and [110] directions the interfaces will be <200> planes, while the 
interface for the [111] direction will be a <110> plane. Cross sections for the 325K synthesized, at 
300 K tensile tested simulations were run in all three directions at copper layer thicknesses of 5, 10 
and 15 nm.  The stress strain curves for the 5 nm nickel, 5 nm copper for the [200], [111] and [110] 
can be seen in Figure 4.28, Figure 4.29, and Figure 4.30. For the 5 nm nickel, 5 nm copper multilayers 
with a 325K synthesis and 300K tensile test trials, the stress strain curves for the [200], [111], and [110] 
directions can be seen in Figure 4.31, Figure 4.32, and Figure 4.33 respectively. Additionally, two other 
simulations were run, both {110} directions, both with 5 nm of nickel and copper at 1 K. One has a 
<111> interface, and the other with a <110> interface. Their stress strain curves can be found in 
Figure 4.34 and Figure 4.35. All stress strain curves can be found in Appendix II.  Any stress strain 
curves that are referred to in the discussion will appear in Chapter 5. In Table 4.1, Table 4.2, and Table 
4.3 we can see the LAMMPS generated UTS  (Ultimate Tensile Stress) of the multilayers as a function 


































Figure 4.28: LAMMPS stress strain curve for tensile testing of 5 nm Ni, 
5 nm Cu in the [200] at 1K. 
Figure 4.29: LAMMPS stress strain curve for tensile testing of 5 nm 






















Figure 4.30: LAMMPS stress strain curve for tensile testing of 5 
nm Ni, 5 nm Cu in the [110] at 1K. 
Figure 4.31: LAMMPS stress strain curve for tensile testing of 5 nm Ni, 5 
















Figure 4.32: LAMMPS stress strain curve for tensile testing of 5 nm Ni, 
5 nm Cu in the [111] at 325K synthesis, 300K tensile test. 
Figure 4.33: LAMMPS stress strain curve for tensile testing of 5 nm Ni, 













Figure 4.34: LAMMPS stress strain curve for tensile testing of 5 
nm Ni, 5 nm Cu in the [110] with (111) interface 
Figure 4.35: LAMMPS stress strain curve for tensile testing of 5 

















































































































































































 The surface plots of the UTS for the different tensile directions can be seen in the following 
pages. Figure 4.36 is the UTS surface plot for the [200] at 1K, Figure 4.37 is for the [111] direction at 
1K, and Figure 4.38 is for the [110]. There are a few general trends in the surface plots and the data 
charts above. The [200] direction has the largest spread of values, ranging from 5.1915 to 11.2233 
GPa. Additionally, there is sudden transition out of the low 5.5-6 GPa range (purple) around when 
the nickel layer becomes 11 to 14 nm in thickness. Additionally, the [200] has a more jagged data set 
than [111] and [110]. The [111] direction, as expected, proves to have the highest UTS and has a 
general sloping increase in the strength from the large copper, small nickel layers to the large nickel 
layers and small copper. The [100] is the weakest direction, which as the slip direction, is also to be 
expected. The [110] UTS plot has a general sloping nature to it with very few outliers. However, the 
surface plot shows a decreasing slope as the nickel layer thickness increases.  
 The comparison UTS plots for the high temperature synthesis and tensile testing in 
comparison to the 1K can be seen for the [200] in Figure 4.39. Similar plots for the [111] and [110] 
simulations can be seen in Figure 4.40 and Figure 4.41 respectively. In the [200] plots, the low 
temperature simulations are almost always lower than the high temperature simulations, with there 
being some overlap at smaller nickel layers. The plots for the [111] direction are the reverse, with the 
low temperature simulations having a higher UTS values than the high temperature ones. The higher 
temperature plots have larger oscillations that are visible, particularly for the 5 nm copper layer. The 
[110] simulations, have relative agreement between the high and low temperature simulations for the 
5 nm copper layer simulations. As the copper layer gets larger, the higher temperature simulations 
drop below the lower temperature simulations. However, at small nickel layer thicknesses, there is still 





 Using OVITO, a scientific visualization program for molecular dynamics simulations, it is 
possible to import LAMMPS output files for dislocation analysis and visualization of the dislocations 
in picture and video form. A tensile simulation example of a [111] 5 nm nickel, 5 nm copper sample 
synthesized and put in tension at 1K can be seen in Figure 4.42. The [200] and [110] case can be seen 
in Figure 4.43 and Figure 4.44 respectively. Similarly, the 325K synthesis, 300K tensile test dislocation 
visualizations for the 5 nm nickel, 5 nm copper can be seen for the [111], [200], and [110] in Figure 
4.45, Figure 4.46, and Figure 4.47 respectively. The dislocation visualization of the [110] direction 
(111) interface can be found in Figure 4.48. Any dislocation visualizations that are needed in the 
discussion will appear in Chapter 5.     
 The Young’s modulus for the [111], [200], and [110] directions can be seen in Figure 4.49, 
Figure 4.50, and Figure 4.51. The results show that with increasing nickel, or decreasing copper 
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[200] UTS Comparison of 1K and 300/325K with 5 nm Cu  
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[110] UTS Comparison of 1K and 300/325K with 15 nm Cu  
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[110] UTS Comparison of 1K and 300/325K with 10nm Cu  
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Figure 4.42: [111] Tensile Test of 5 nm Ni, 5 nm Cu at 1K (A) OVITO atom visualization, orange Cu, green Ni (B) 
Dislocations at start of tensile test (C) dislocations around UTS (D) dislocations near end of tensile test 
(D) (C) 
(B) (A) 
Dislocation Key: Perfect- Dark Blue, Shockley- Green, Stair-Rod- Pink, Hirth- Yellow, Frank- Cyan, 






Dislocation Key: Perfect- Dark Blue, Shockley- Green, Stair-Rod- Pink, Hirth- Yellow, Frank- Cyan, 
 Other Dislocations- Red. 
(D) (C) 
(B) (A) 
Figure 4.43: [200] Tensile Test of 5 nm Ni, 5 nm Cu at 1K(A) OVITO atom visualization, orange Cu, green Ni (B) 








Dislocation Key: Perfect- Dark Blue, Shockley- Green, Stair-Rod- Pink, Hirth- Yellow, Frank- Cyan, 
 Other Dislocations- Red (Likely stacking faults). 
Figure 4.44: [110] Tensile Test of 5 nm Ni, 5 nm Cu at 1K (A) OVITO atom visualization, orange Cu, green Ni (B) 









Dislocation Key: Perfect- Dark Blue, Shockley- Green, Stair-Rod- Pink, Hirth- Yellow, Frank- Cyan, 
 Other Dislocations- Red. 
Figure 4.45: [111] Tensile Test of 5 nm Ni, 5 nm Cu synthesized at 325K and pulled in tension at 300K (A) OVITO 
atom visualization, orange Cu, green Ni (B) Dislocations at start of tensile test (C) dislocations around UTS (D) 








Dislocation Key: Perfect- Dark Blue, Shockley- Green, Stair-Rod- Pink, Hirth- Yellow, Frank- Cyan, 
 Other Dislocations- Red. 
Figure 4.46: [200] Tensile Test of 5 nm Ni, 5 nm Cu synthesized at 325K and pulled in tension at 300K (A) OVITO 
atom visualization, orange Cu, green Ni (B) Dislocations at start of tensile test (C) dislocations around UTS (D) 





    
(A) (B) 
(C) (D) 
Dislocation Key: Perfect- Dark Blue, Shockley- Green, Stair-Rod- Pink, Hirth- Yellow, Frank- Cyan, 
 Other Dislocations- Red (Likely stacking faults).. 
Figure 4.47: [110] Tensile Test of 5 nm Ni, 5 nm Cu synthesized at 325K and pulled in tension at 300K (A) 
OVITO atom visualization, orange Cu, green Ni (B) Dislocations at start of tensile test (C) dislocations around 






Dislocation Key: Perfect- Dark Blue, Shockley- 
Green, Stair-Rod- Pink, Hirth- Yellow, Frank- 




Figure 4.48: [110] Tensile Test of 5 nm Ni, 5 nm 
Cu with (111) interface synthesized at 1K (A) 
OVITO atom visualization, orange Cu, green Ni 
(B) Dislocations at start of tensile test (C) 
dislocations around UTS (D) dislocations around 






Figure 4.50: LAMMPS elastic modulus of the [200] direction, (200) interface tensile test at 1K 
y = 0.9138x + 100.98
R² = 0.9178
y = 1.178x + 87.406
R² = 0.9491
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  To compare the hardness derived tensile data, plots were made to compare this data to the 
average of the 325 K synthesized, 300 K tensile tested LAMMPS. Assuming brittle failure, a direct 
comparison between LAMMPS and measured data can be seen in Error! Reference source not 
found.. A normalized version of this can be seen in Figure 4.53. 
 
  
Figure 4.51: LAMMPS elastic modulus of the [110] direction, (200) interface tensile test at 1K 
y = 2.0103x + 155.93
R² = 0.9073
y = 1.8405x + 147.51
R² = 0.8838
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Figure 4.52: Average value of LAMMPS 300 K with 5 with 5 nm Cu layers tensile simulations in 
comparison to UTS derived from measured hardness data 
 
Figure 4.53: Normalized average value of LAMMPS 300 K with 5 nm Cu layers tensile 





5.0 Discussion and Future Work  
5.1 Process Engineering 
This section will discuss the process engineering that went into this thesis, and examine the 
steps taken to ensure the multilayers were grown to a high quality, and to examine future 
improvements for the continuation of this project.  
Cell and Sample Holder Design 
The cells designed in Chapter 3 were each designed to overcome a problem of the previous 
iteration. There are two trends that manifest over all cells, the ability to move the reference electrode 
and the increase the size of the cell itself. Throughout the iteration of cell design, the reference 
electrodes were gradually more restricted. Reference electrodes provide a constant electric potential 
that the working electrode uses to determine the potential to hold. Because of Ohm’s law, the position 
of the reference electrode must be fixed in reference to the sample to gain the most consistent results, 
otherwise the current ratios can vary from the requirement of 100:1 nickel to copper desirable current. 
The other first two glass cells fabricated as part of this program, could have the position of the 
reference electrode be inserted about in the same position. By having the bridge tube in front of the 
sample it blocks the current path a little.   Additionally, having the reference electrode to the side of 
the sample as we now do on the large cells, as seen in Figure 3.7, helps prevent hydrogen blockage to 
the glass frit on the bridge tube. If hydrogen blocks the frit, it would cause loss of communication 
between the working and reference electrodes, which not only gives an error but could shut the system 
down. This change also prevents the reference electrode from interfering with the stirring of the 
solution or the electric field, providing a more uniform sample.  
Copper depletion is one of the main issues in synthesizing thick multilayers., often causing 





substrate, and pH stability are both mitigated by the increase in the size of the cell. Stirring provides 
some ability to replenish the copper in the area of the substrate at the expense of introducing variations 
in current density. A larger cell generally provides more copper so that the copper layer growth is 
more consistent. Similarly, the pH gradually increases near the cathode, and decreases near the anode. 
The extra volume buffers the cell from these pH changes.  
 The design and implementation of a dielectric sample holder has the largest effect on the 
consistency and uniformity of the samples. Having a 0.125” to 0.25” polypropylene or PTFE wall 
around the substrate, causes the electric field lines to be more parallel across the cathode surface. 
Additionally, the extra thickness, provides room for a reference electrode port out of the current 
pathway. However, in the third borosilicate cell (Figure 3.6), the flow of solution is going around the 
sample holder. While the stir bar does help some to overcome the copper depletion, replenishing the 
copper in the solution in front of the substrate proves to be challenging.  Designing a sample holder 
such that the return flow of a circulatory/filtering pump be directed near the substrate. This could 
easily be added to the sample holder such that the pump return could be placed inside another port, 
with an exit around the edge of the wall of the substrate. The draw back to this idea is that there may 
be disruption of the electric bilayer that provides for even grown on the surface if the flow rate is too 
great. Additionally, it is possible that holes could be drilled through areas left and right of the sample 
holder to a more direct path to the out of the pump, theoretically bringing the fresh solution closer to 
the substrate but potentially disrupting the current distribution. 
Particle Contamination Mitigation 
One of the main issues that can occur is the sample and solution stability, particularly for 
thicknesses of greater than 10µm. Two particles could form in solution: boric acid and anode particles. 





particularly during thick sample synthesis. While filtering and minimizing the openings when 
evaporation, water should be added to bring the DI water level back to the starting level, as well as 
constant filtering. While a glass frit can stop larger anode particles, smaller particles can still make it 
through the glass frit. An anode bag in combination with a glass frit will stop nearly all the particles, 
and those left can be dealt with by filtering. The anode particles can make it through the glass frit can 
also be mitigated by filtering.  The anode bags do have a limited lifetime and should be replaced if 
allowed to dry or any oxidized particles begin to form on the outside. They should be stored in a 
completed deposition solution when not in use. An ion selective membrane is suggested for further 
protection from contaminates. These particles, likely partially contributed to the effect seen on the 
surface of the multilayer seen in Figure 4.22. 
Potential and Current 
While the final deposition potentials were -1.15 and -0.15V vs SCE for copper and nickel 
respectively, over the course of this work, multiple potential combinations have been tried over a large 
variety of samples. The cyclic voltammetry curves show a wide range of possible copper and nickel 
deposition potentials at 0 to -0.2V and larger than -0.75V respectively. The hull cell panels seen in 
chapter 4, show a wide selection of current densities that can be used to plate the nickel and copper. 
However, finding the potentials required for successful co-deposition of copper and nickel can be 
excitingly difficult as what may work for low thicknesses will give issues that will appear later in the 
growth process. One of the earlier potentials used was -1.2 to -1.4V vs SCE for nickel and -7mV for 
copper. These potentials were used in the first and second iterations of the borosilicate cell. At small 
thicknesses (< 6µm), the samples typically came out in a bright deposit, like the final samples 
produced. However, as growth continued the samples would become dendritic. Nickel is normally an 
irreversible reaction. However, nickel in the presence of the chloride ions, particularly if at 





the solution, leaving behind a microscopically rough and often passivated surface. At small 
thicknesses, this is not a large problem as the copper is able to plate onto the nickel relatively quickly, 
protecting the nickel layer from sustaining much damage from the chloride. However, as the copper 
gets depleted, the nickel becomes exposed to the chloride for longer periods of time, causing 
deposition issues.  
As was seen in Chapter 4, the deposition potentials used in the nickel played a great role in the 
grain size of the CMA. -1.15V vs SCE produced layers that were epitaxial to the copper substrate 
Figure 4.19, while the CMA became nanograined at -1.4V vs SCE (Figure 4.19). The change from 
epitaxial to nanograined copper changes the strengthening mechanism for the multilayers and is the 
result of the extra energy put into the structure from the higher overpotential.  The nanocrystalline 
multilayers is likely going to be very susceptible to grain boundary slipping but more susceptible to 
grain boundary creep. The epitaxial growth will provide more uniform layers and provide a material 
consistent with that seen by Koehler’s structural goals. 
Process Future Work 
  Typically, thick CMAs have been synthesized using rotating disk, and rotating cylinder 
electrodes. These electrodes in having a more well-defined boundary layer and more uniform current 
density. The copper depletion that we see in stationary cells will be less severe. As we will see in the 
next section, there is an orientation dependence of these multilayers and the strength. As such, 
different single crystal, highly textured substrates should be tried, with the <110> orientations.  
5.2 Sample Synthesis 
Over 300 samples were produced over the course of this project. The multilayers ranged in 
copper and nickel thickness ranged from 2 nm to 30 nm. Traditionally, samples have been produced 





larger thicknesses while maintaining their discrete boundaries. This is evident from the existence of x-
ray satellites at these large thicknesses. This is a noteworthy accomplishment due instability coming 
from impurities, hydrogen masking of the surfaces and difficulty in controlling transport and 
management of copper concentration over very long deposition times. High aspect ratio and small 
feature substrates are more susceptible to abnormal growth as the copper easily depleted around the 
small features, causing the edges to grow to larger thicknesses than the center.  
5.3 LAMMPS 
Stress-Strain 
The surface and high temperature plots seen in Chapter 4, do not appear to match the hardness 
data in Chapter 2. The there is a trend towards higher amounts of nickel resulting in a stronger 
material. The LAMMPS models start with the assumption of one or more layers being a near single 
crystal that is mostly free of dislocations and although dislocations of many types are created in the 
simulation of the tensile testing, this time short time interval (picoseconds) is likely to be too short to 
mimic what we see at long times at ambient temperature. The single crystal-like nature and the faster 
time scales are likely why our surface plots do not show the peaks that would be expected in 
comparison to the match Tokarz et. al. [22] or Oberle and Cammarata [97]. 
 We observe that the [110] direction stress-strain plots typically show non-zero stress at the 
start of the tensile test. As the wavelength of the material grows, the initial stress tends to decrease 
very often in an oscillatory manner Interestingly we also see that except for the [111] (with (110) 
interfaces), that the flow stress is higher at ambient temperature than one close to absolute 0 K. This 





Locks and Dislocation Movement 
Deformation of the multilayer occurs when the dislocations that are pinned inside of the 
copper can overcome the barrier and enter the nickel layer.  This can be seen in Figure 5.1 for a [111] 
tensile direction 5 nm nickel, 5 nm copper simulation. In this figure we can see that the dislocations 
primarily begin in the copper (B). As plastic deformation begins, dislocations begin to bridge the 
interface of the layer and expand into the nickel layer (C). Since these simulations are set-up such that 
the top of the copper layer interacts with the bottom of the nickel layer, the partial dislocations can 
be seen emerging from the bottom of the simulation cell. Close to the UTS the dislocations can be 
seen bridging the entire length of the nickel multilayer and reentering the copper layer from below 
(D). As we will see with other simulations, the dislocations bridging the entire nickel multilayer is not 
a requirement for UTS, but rather an effect of small nickel layer thicknesses. After the UTS, many 
more partial dislocations begin to appear in the copper, with more dislocations passing through he 
interfaces (E). 
 Dislocations that exist early in the tensile process in the nickel. These dislocations tend to try 
to move into or towards the copper layer. These dislocations are easiest to see when conducting a 
tensile test in the [110] interfaced direction. The [110] 5 nm nickel, 5 nm copper simulation can be 
seen in Figure 5.2.  All sub-figures are before the UTS is reached in the sample.  (B) At the start of the 
simulation, there exists a dislocation that is marked by a black arrow in. (C) With very little stress, the 
dislocation begins to rise, such that part of the dislocation enters the copper layer with the other side 
detached from the other boundary. (D) The dislocation is now firmly in the copper layer, but close to 
the boundary. A new dislocation is also appearing on the lower surface, that is marked with a blue 
arrow (E) The dislocation (black arrow) begins to move towards the center of the copper layer. The 
new dislocation (blue arrow) can be seen beginning bowing out and will follow the same mechanism 





dislocations are stacking faults that are travelling towards the copper. This Figure 5.2 shows two of 
the major strengthening mechanisms for these multilayers. The first is the dislocations that form in 
the nickel layer move towards, and ultimately into, the copper layer. This keeps the nickel relatively 
stress free while causing dislocation pile-ups in the copper layer. However, the dislocation does not 
get pinned on the boundary, but moves further into the copper structure. This suggests an image force 
at the boundary that pushes the dislocations into the copper. This is further evidenced by the 
dislocations at the start of most of the simulations existing on the copper side of the boundaries.  This 
dislocation movement is the most easily observed in the [110] direction tensile, as this applies tension 








(C) (B) (A) 
Dislocation Key: Perfect- Dark Blue, Shockley- Green, Stair-Rod- Pink, Hirth- Yellow, Frank- Cyan, 
 Other Dislocations- Red. 
(E)
Figure 5.1: [111] Tensile Test of 5 nm Ni, 5 nm Cu at 1K (A) OVITO atom visualization, orange Cu, green 
Ni (B) Dislocations at start of tensile test (C) dislocations during plastic deformation (D) dislocations 













Dislocation Key: Perfect- Dark Blue, Shockley- Green, Stair-Rod- Pink, Hirth- Yellow, Frank- Cyan, 
 Other Dislocations- Red. 
Figure 5.2: [110] Tensile Test of 5 nm Ni, 5 nm Cu at 1K (A) OVITO atom visualization, orange Cu, green Ni 
(B) dislocations at start of tensile test (C) dislocation beginning to rise, not pinned at boundary (D) dislocations 






The [110] directions tend to have a peak 
for the UTS followed by a long region with 
oscillations. The oscillations tend to have a higher 
“frequency” at smaller copper layer thicknesses.  
An example can be seen in Figure 5.3 and Figure 
5.4: LAMMPS stress strain curve for tensile 
testing of 23nm Ni, 5 nm Cu in the [110] at 300K 
tensile test and 325K synthesis. for a 23 nm nickel, 
5 nm copper at 1K, and the higher temperature 
synthesis/tensile test respectively. The 
oscillations are due to the dislocations that are in 
the nickel, pushing out into a copper layer. When 
the dislocations are leave the nickel, the material becomes stronger until the stress reaches a point 
where dislocations can overcome the barrier at the interface. This process gradually repeats itself 
overtime. At higher thicknesses of copper, the dislocations can pile up to a much greater thicknesses, 
preventing the oscillations, or requiring much more stress to initiate the dislocation movement across 
the layer boundary.   
Figure 5.3: LAMMPS stress strain curve for 
tensile testing of 23nm Ni, 5 nm Cu in the 
[110] at 1K. 
Figure 5.4: LAMMPS stress strain curve for tensile 
testing of 23nm Ni, 5 nm Cu in the [110] at 300K 





The [111] dislocation visualization shows the presence of Lomer-Cottrell locks (stair-rod 
dislocations) in large quantities. The stair-rod dislocations begin to form early in the copper during 
the tensile process. However, as the tensile test continues, before the UTS is reached, a network of 
stair-rod dislocations can be seen to form Figure 5.5. The ratio of partial (Shockley) dislocations to 
stair rod has been as low as 2:1, showing that the dislocations are rapidly forming the sessile 
configurations and being unable to move 
into the nickel. These stair-rods are also 
beginning to interact with each other as 
the partial dislocations that are at the 
edges meet with other partials and form 
their own lock.  This effect is only 
magnified by the image forces on the 
dislocations that push them further into 
the center of the copper.    
The [200] direction, (200) interface has a different dislocation pattern than the other 
orientations. The dislocations can easily enter the nickel layer. For nickel layer thicknesses that are 
equal or less than the copper layer thickness, the dislocations seem to be pinned entirely in the nickel. 
Dislocation visualizations of a 15 nm nickel, 7 nm copper and 7 nm nickel, 15 nm copper can be seen 
in Figure 5.6. What can be seen is for the 15 nm nickel, 7 nm copper sample is that the dislocations 
are pinned on both boundaries, but many dislocations are bridging the interface into the copper. 
Several Hirth dislocations are present around the UTS, but fewer stair-rod dislocations exist than in 
the [111] direction. The 7 nm nickel, 15 nm copper sample has a different dislocation configuration, 
with some dislocations primarily sitting on both boarders, but with many more dislocations located 
within in the nickel. Around the UTS, the dislocations are bridging the interface with the dislocations 
Figure 5.5: Stair-rod dislocation network in the copper layer 





existing on both sides. The stair-rods are much more prominent in the nickel layer. Because the <200> 
planes have the lowest elastic modulus, the high stress present in the lattice can easily form dislocations 
in the nickel layer. Additionally, in nearly all the cases, there is a dislocation parallel to the boundary 
slightly on the copper side of the boarder (normally a perfect or stair-rod dislocation). These 
dislocations forming on the boarder likely act as a barrier, however, these barriers are easily overcome 
because it is energetically more favorable for the dislocations to exist in the copper rather than the 
nickel. This is also why we likely see a great increase in the UTS as the nickel layer gets larger in Figure 
4.36. 
The [110] tensile test with the (200) interface (seen in Figure 4.48) has some of the most 
disparity of dislocations between the nickel and copper layers. Comparatively few dislocation locks 
can be seen forming in this configuration, with most of the dislocation locks forming late in the tensile 
process, after the second peak. The dislocations are primarily pinning at one boundary over the other, 
similar to the other [110] tensile test. The strengthening mechanism for this layer is primarily through 
image forces, pushing the dislocations out of the nickel keeping the nickel layer relatively dislocation 
free. Since the dislocations are forming less locks, the UTS is shifted to higher strains. The likely reason 
for the (200) interface being weaker than the (111) interface when conducting tensile tests in the {110} 
directions is the orientations of the slip planes. Since the <111> planes are the slip planes, the (200) 






Figure 5.6: A) [200] Tensile Test of 15 nm Ni, 7nm Cu visualized, dislocations at start, and dislocations 






Dislocation Key: Perfect- Dark Blue, Shockley- Green, Stair-Rod- Pink, Hirth- Yellow, Frank- Cyan, 





Young’s Moduli  
 The elastic moduli values of the multilayers seen in Chapter 4 match the expected behavior in 
so far that the elastic moduli increase linearly as the nickel content increases, or the copper thickness 
decreases. There is no indication of a systematic super modulus effect although, we do see oscillations 
in modulus with increasing nickel thickness. This effect is potentially due to composition 
inhomogeneities potentially because of a miscibility gap. The trend lines do not have the same y-
intersect. This in combination with the slight fluctuations are likely due to internal and misfit stress of 
the multilayer and slight diffusion between layers.  
5.4 Boundary Pinning 
The dislocations seen in Figure 4.17 and Figure 4.18 show dislocations that are pinned at 
opposite boundaries such that they are pinned in the copper layer. This effect has been reported in 
literature, particularly by Lashmore and Thomson [65].  With the sign of the Burgers vector being the 
same, and an alternating stress between the layers, the dislocations will be pushed away from one 
interface and towards the other where they will be pinned. This has been visible in the LAMMPS 
simulations, this effect is most apparent in the [110] tensile testing simulations. Two [110] tensile 
A)                            B)        C) 
Figure 5.7: A) LAMMPS 15 nm Ni, 5 nm Cu multilayer B) Dislocations a1 1K C) 





tested, 15 nm nickel, 5 nm copper simulations at produced at 1K and 325K can be seen in Figure 5.7.  
The dislocations can be seen in both temperatures to be pinned such that the dislocations exist in the 
top of the copper layer along the boundary, while none appear at the bottom boundary of the copper. 
As was described in Figure 5.2, the dislocations would pass through the top boundary into the nickel, 
and then be pushed back into the copper layer from below. The dislocations rarely if ever travel in the 
opposite direction.  
5.5 Summary of Modelling Results 
The strength of metallic multilayered metals seems to be due to image forces and given the 
right orientation, the assisted formation of dislocation locks that form during the deformation process. 
In order to achieve this, we must have coherent or semi-coherent interfaces inside these layers, in our 
case we used copper-nickel multilayers as a representative system.  The copper layers must have a 
small thickness (4-7 nm) with a nickel layer that is equal to or greater in size of the copper. While the 
dislocations will be primarily generated in the copper, any dislocations must be able to cross the 
boundary from nickel into copper. The driving mechanism for dislocation movement from nickel to 
copper is through image forces.  The image forces will push the dislocations away from the boundary 
and into the center of the copper layer. As dislocations are generated/injected into the copper, they 
will interact to form Lomer-Cottrell and Hirth locks.  The generation of these locks is benefitted by 
the small copper layers, as the image forces will force the dislocations closer together speeding 
formation. Larger thickness copper layers will likely deform before the copper is able to make these 
dislocation locks. With the dislocation entering and being generated in the copper, it was expected 
that eventually the nickel layers would be dislocation free, and nearly a perfect crystal.  Given enough 
stress, the dislocations will be able to bridge the boundary and travel through the nickel layer. As such 
the nickel must be able to pass these dislocations into the next copper layer, and such should be kept 





plastic deformation, nickel should have one direction in which dislocations are moving, minimizing 
the risk of locks forming in the material.  
5.6 Tensile and Microhardness Testing 
Tensile testing was conducted through several different methods. Unfortunately, these 
methods did not yield reliable results, with most of the samples breaking before the test due to shear 
forces or tearing along the grips. The plot seen in Figure 4.26 was the result of a crease that formed 
in the sample during mounting procedures. Edge defects in the creation of the tensile samples, play a 
large role. The samples themselves should likely be cut from a circular sample using a sulfuric and 
chromic acid solution, or a nitric and chromic acid solution. The chromic acid should slow the 
dissolution of the nickel, minimizing the edge defects that chemical etching would cause. 
The hardness results have given results that show UTS values of above 1.5 GPa, with potential 
strengths of above 2.5 GPa. While the results show higher values than Tokarz [22] or Oberle and  
Cammarata [61], we do not see a clear peak in our hardness data, however we do see an oscillation in 
the strength of the material, surprisingly similar to that seen in the LAMMPS data. The LAMMPS data 
shows a similar profile, at and above 9 nm nickel layer thickness. Below this there are deviations which 
may be in part due to the nickel layer acting like a single crystal in the LAMMPS simulations.  During 
the hardness testing, locales of high hardness were observed, this was an unexpected effect, and needs 











Nanometer wavelength nickel and copper multilayers are well known to have an enhancement 
in their physical properties. There are many proposed mechanisms for these enhancements. The 
molecular dynamics simulations above have shown a directional and orientational dependence in the 
strengthening of the multilayer. In the coherent and semi-coherent case, the strengthening is primarily 
caused by two cooperating mechanisms: image forces on dislocations and the construction of a 
network of dislocation locks.  The image forces push the dislocations into the copper layer, producing 
a relative dislocation free nickel layer, giving the nickel layer an enhanced strength. In the correct 
orientations, the dislocations that become pinned in the copper are able to interact with each other 
Lomer-Cottrell and Hirth locks. The image forces push the dislocations further into the copper, 
enhancing the rate of the formations of the locks. The partial dislocations that trail the dislocation 
locks can themselves form new locks, forming new dislocations. Additionally, the pinned dislocations 
have been showed to gather around alternating boundaries, confirming what was seen by Lashmore 
and Thomson.  
This study has also shown the ability to grow the multilayers to great thickness, nearly 100µm. 
These samples contain ~104 layers, far above the average literature value for thickness. These 
multilayers have shown x-ray satellites. To the best of our knowledge the is first time that this has 
been achieved. This is a noteworthy accomplishment due instability coming from impurities, hydrogen 
masking of the surfaces and difficulty in controlling transport and management of copper 
concentration over very long deposition times.  Strengths have been demonstrated at upwards of 1.5 
GPa. However, the shape of the multilayer proved to be one of the largest factors in the success of 
making these multilayers due to the current distribution caused by copper depletion and the electric 





edge of the multilayer, bending the electric field in, providing for a more uniform current distribution. 
However, for high aspect ratio and right-angled substrates, the deposition can still be an issue. It is 
therefore best for the multilayer to be made in a circular shape, and have the sections cut to meet the 
desired shape.  
Future work will require the use of rotating cylindrical or disc electrode to help eliminate 
transport issues. The use of an ion selective membrane to eliminate anode corrosion products from 
contaminating specimen. Additionally, more load displacement deformation studies must be made 
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APPENDIX 1: Explanation of LAMMPS Script 
The following pages will include a sample LAMMPS script that was used followed by an 
explanation of the script. All lines that begin with a # are comment lines and have no bearing on the 
script itself.  The particular LAMMPS script that is used in this work is a modified version of an 
example scripts published by Mississippi State University [147].  The YouTube Channel 
EnCodeVentor [148] gives an in depth description of the different commands that are used for tensile 
and compression testing in LAMMPS. 
147 
 
# 200 Ni-Cu 5-5--------------------- INITIALIZATION ---------------------------- 1 
units   metal 2 
dimension 3 3 
boundary p p p 4 
atom_style atomic 5 
 6 
# ----------------------- ATOM DEFINITION ---------------------------- 7 
lattice  fcc 3.52 8 
region  upper block 0 28 0 28 0 14 9 
lattice  fcc 3.61 10 
region  lower block 0 28 0 28 14 28 11 
region  whole union 2 upper lower 12 
 13 
create_box 2 whole 14 
lattice  fcc 3.52 orient x 1 0 0 orient y 0 1 0 orient z 0 0 1 15 
create_atoms 1 region upper 16 
lattice  fcc 3.61 origin 0 0 .247 orient x 1 0 0 orient y 0 1 0 orient z 0 0 1 17 
create_atoms 2 region lower 18 
 19 
# ------------------------ FORCE FIELDS ------------------------------ 20 
pair_style eam/alloy 21 
pair_coeff * * CuNi_v2.eam.alloy Ni Cu 22 
 23 
# ------------------------- SETTINGS --------------------------------- 24 
compute csym all centro/atom fcc 25 
compute peratom all pe/atom  26 
 27 
# EQUILIBRATION 28 
reset_timestep 0 29 
timestep 0.001 30 
velocity all create 1 12345 mom yes rot no 31 
fix 1 all npt temp 1 1 1 iso 0 0 1 drag 1  32 
 33 
# Set thermo output 34 
thermo 300 35 





# Run for at least 10 picosecond (assuming 1 fs timestep) 37 
run 25000 38 
unfix 1 39 
 40 
# Store final cell length for strain calculations 41 
variable tmp equal "lx" 42 
variable L0 equal ${tmp} 43 
Print "Initial Length, L0: ${L0}" 44 
 45 
################ DEFORMATION############### 46 
reset_timestep 0 47 
fix 1 all npt temp 1 1 1 y 0 0 1 z 0 0 1 drag 1 48 
variable srate equal 1e10 49 
variable srate1 equal "v_srate / 1.0e12" 50 
fix 2 all deform 1 x erate ${srate1} units box remap x 51 
 52 
# Output strain and stress info to file 53 
# for units metal, pressure is in [bars] = 1/10000 [GPa] p2, p3, p4 are in GPa 54 
variable strain equal "(lx - v_L0)/v_L0" 55 
variable p1 equal "v_strain" 56 
variable p2 equal "-pxx/10000" 57 
variable p3 equal "-pyy/10000" 58 
variable p4 equal "-pzz/10000" 59 
fix def1 all print 100 "${p1} ${p2} ${p3} ${p4}" file Multi_5Ni5Cu200bi_1K.def1.txt screen no 60 
 61 
# Use cfg for Ovito 62 
dump  1 all cfg 250 dump.tensile200_5Ni5CuMulti1K_*.cfg mass type xs ys zs c_csym c_peratom 63 
fx fy fz 64 
dump_modify 1 element Ni Cu 65 
 66 
# Display thermo 67 
thermo  300 68 
thermo_style custom step v_strain temp v_p2 v_p3 v_p4 ke pe press 69 
run  20000 70 





Explanation of LAMMPS Script 
In the Initialization section, line 2 defines the units that are used in the simulation and is 
selected as metal. The units that will apply here are mass is in units of grams/mole, distance is in 
Angstroms, time is in picoseconds, pressure is in bars, and temperature in Kelvin.  
Line 3 defines the dimension of the system, which is three. 
Line 4 defines the boundary conditions in the x, y, z. p means that there are periodic 
boundaries where the atoms on one side interact with the atoms on the opposite face, 
effectively creating an “infinite” bulk material and is how we simulate the multilayers. If we 
were to a change one (z) boundary condition to s (shrink wrapped) we can simulate an 
infinitely long bilayer.  
 Line 5 defines each particle as an atom.  
 In the Atom Definitions section, we define the system itself. Line 8 defines the atoms found 
in line 9 as fcc with a lattice parameter of 3.52 Angstroms (nickel).  
 Line 9 names and defines the region. The region is named upper, and is defined as a block 
(x,y,z). Each pair of numbers is the extent of the block in units of lattice parameters in the 
(x,y,z). It is important to note that we are using full lattice parameters so there is an error of 
up to half a lattice parameter for each layer. This helps with the equilibrating steps that come 
later. 
 Lines 10 and 11 do the same for the second block for copper. 
 Lines 12 defines and names the system (whole) itself by combining a number of blocks (2) by 





 Line 14 further defines the system by labeling the types of atoms in the system. 
 Line 15 orients the crystals and reaffirms the lattice structure and parameter  
 Line 16 creates the atoms and which atom is used.  
 Lines 17 and 18 are the same as 15 and 16 with the only differing being that the origin is 
slightly offset such that the layers will go down with minimal disturbance to the layers. 
 In the Force Fields section, line 21 is the type of interatomic potential and file.  
 Line 22 is the file name as well as where we tell LAMMPs what type of atoms go into the 
regions. Type 1 is nickel and type 2 is copper.  
 In the settings section lines 25 and 26 define what LAMMPS will be computing, with line 25 
computing the center of symmetry for all atoms assuming an fcc crystal structure. Line 26 is 
the potential energy of each atom.  
 Line 29 resets the timestamp. 
 Line 30 is the time step (in picoseconds). 
 Line 31 creates a temperature for all atoms at a temperature (1 K). The number that follows 
the temperature is a random seed that gives the system the starting conditions. Using the same 
seed should give the same results each time. We are saying that the atoms in the system have 
momentum but do not have a rotational component. 
 Line 32 sets a fix, which is a command for a group of atoms. First, we name the fix (1) and 
have it applied to all atoms. In this line we are setting the conditions as constant number of 
atoms, pressure and temperature. Temperature is set to start at 1 K and end at 1 K. Similarly, 





the drag command are damping constants to keep the pressure and temperature smooth. Since 
these are being held at constant temperature and pressure, they are indifferent for our system 
 Line 35 defines how many time steps are between exporting the information (referred to as a 
step). This should not be confused as a temperature. 
 Line 36 gives the information that is stored for each step from line 35: length and pressure in 
x, y, z, potential energy of the atoms and the temperature. 
 Line 38 runs the system for 25 picoseconds without interacting with the system, allowing it to 
go to equilibrium. 
 Line 39 removes the fix command, so it does not interfere if we were to change conditions 
during tensile testing. 
 Lines 42 through 44 set the variables to calculate engineering strain. Line 42 sets the reports 
the length in the x direction as a function of time. Lines 43 sets the initial length so that it will 
be a constant. Line 44 reports what that length is. 
 Line 47 clears the time step so that we can restart at 0 from the equilibrium step above. 
 Line 48 is the same as line 32, except we only specify the pressure in the y and z so we can 
conduct the tensile test. 
 Lines 49 and 50 sets the strain. 
 Line 51 sets a fix (labeled 2) to deform the time step every (1) time step in the x direction with 
the engineering strain rare defined from lines 49 and 50. The units of the box are then 
translated from lattice parameters to the units used for the x dimension. Remap x forces the 





 Line 55 sets the variable for and calculates strain. 
 Lines 57, 58, and 59 calculate the pressure in the x, y, and z direction and converts these units 
from bars to GPa. 
 Line 60 exports the file for with all strain and pressure data.  
 Lines 63 and 64 creates files for all atoms every 250 time steps and includes each atom’s type, 
mass, position in the x, y, z, center of symmetry as well as the forces on each atom in the x, y, 
and z.  
 Line 65 names a modification (1) to the dump command to state whether it is nickel or copper. 
 Line 68 is the same as line 35. 
 Line 69 is like line 36 only it will have the strain and kinetic energy added to thermal output.  
 Line 70 runs the system for 20 ps.  






APPENDIX 2: LAMMPS Stress-Strain Curves 
 The following are the results of all modelling done using variations of the script seen above. 
They are sorted first by temperature, followed by the tensile direction, and then by the nickel layer 
thickness.  All plots without a stated temperature are multilayers synthesized and pulled in tension at 
1K. Those listed with 325K synthesis are pulled in tension at 300K. Unless otherwise stated, the [110] 
tensile tests will have a (200) interface, the [111] a (110) and the [200] a (200). 
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